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Abstract

The increased integration of renewable energy sources (RES) and distributed energy
resources (DER) into electrical networks is causing operational challenges. The reduction
in conventional generators, which would traditional provide the reliability and security
services for electrical networks, means that these services must now be supplied by other
resources. Simultaneously, the intermittency of RES and the lack of visibility of DER
means that in some cases these services are required more frequently to maintain a
reliable electrical grid. If RES and DER are aggregated and properly controlled in a
virtual power plant (VPP) they have the potential to provide network services as well

as increase their profitability.

The operation of a VPP is a complex problem. While this problem has been examined by
numerous authors, no operating framework has been previously proposed that includes
consideration of: participation in multiple markets; provision of network and contractual
services; modelling of network power flows and voltages; interactions between multiple
energy vectors; uncertainty in operational forecasts and; tractability for short dispatch
periods. These are key properties for a comprehensive framework that fully captures and
unlocks the potential of a VPP. This thesis presents the design and application of a VPP
operational framework that incorporates these six key properties. This optimisation-
based framework is decomposed into three optimisations to integrate these properties in

a tractable manner.

This framework is applied to various realistic case studies to prove the efficacy of the
proposed approach. The application of this framework demonstrates that the combi-
nation of scenario-based optimisation and receding horizon control used is effective at
mitigating the effects of uncertainty. The inclusion of short dispatch periods is shown
to be key for revenue generation in markets with short dispatch windows. In addition,
the application of this framework demonstrates the ability of a VPP to participate in
multiple markets and services, and that doing so is essential for maximising VPP rev-
enue. Moreover, the integration of hydrogen resources into the electrical grid provides
flexibility that can be assigned to various markets and services. Furthermore, oper-
ating in multiple markets fundamentally changes the operational strategy of hydrogen
resources, and can increase the amount of hydrogen that can be profitably generated.
Additionally, the convex relaxation used for the dispatch of resources is sufficiently ac-
curate to allow a VPP to maintain a network within allowable limits whilst maintaining
problem tractability. Lastly, the framework is versatile enough to be utilised by other
entities (such as a distribution system operator), or for different purposed (such as

techno-economic analysis for business case assessments).
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Chapter 1

Introduction

1.1 Challenges in Evolving Electrical Networks

Over the past decades, countries around the world have been recognising the human
impact on climate change, and have resolved to lower their carbon and greenhouse
gas emissions [I]. The energy sector (electricity, heat and transport) is the biggest
contributor to world wide greenhouse gas emissions [2]. This is why the energy sector
has been identified as an area where changes can be made to drastically reduce global
greenhouse gas emissions. As the emissions within this sector come from a myriad of
different operations (industry, road transport, aviation, agriculture, building energy use,
etc.) there is no silver bullet for this problem. With that being said, one of the major
methods that governments have been focusing on to help decarbonise the energy sector
is the integration of renewable energy sources (RES) into electrical networks around the
world. Of the 190 countries that have signed the Paris Agreement, 71% have quantified
renewable energy targets [3]. The global capacity of RES was almost 2,800 GW in
2020, an increase on over 10% on the value in 2019 and showing no sign of slowing [4].
Two RES technologies that have been rising rapidly are wind and solar photovoltaic
(PV) generation. Not only have these resources been introduced at transmission level
on large scale but they have also become wide spread in distribution networks, through

the introduction of rooftop solar PV.
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Rooftop PVs are an example of distributed energy resources (DER) that have seen
massive growth in recent years. More than 2.7 million households in Australia (approx-
imately 21%) have rooftop PV, totalling more than 13.5 GW capacity [5]. The large
uptake of rooftop PV in South Australia has led to two major issues that the Australian

Energy Market Operator (AEMO) has identified [6].

1. Many distributed PV inverters disconnect in response to voltage disturbances.
This could act to increase the size of the largest credible contingency in the region.
The magnitudes of some reserve requirements are based on the size on the largest

credible contingency, so this acts to increase the amount of reserve required.

2. Rooftop PV is reducing the minimum demand level of the South Australian net-
work. This is reducing to such a level that South Australia may not be able to
operate in islanded mode (disconnected from the wider grid) during times of high
PV generation, as there would not be enough demand to balance the synchronous

generation required to provide system inertia.

Rooftop PV are not the only DER that have seen growth in recent years. DER such as:
combined heat and power plants (CHPs) [7], electric heat pumps (EHPs) [§], heating,
ventilation and air condition (HVAC) systems [9], battery energy storage systems (BESS)
[10], electrolysers and fuel cells [I1], and electric vehicles (EVs) [12] have also become
more widespread. In the past, distribution networks have been designed and operated
based on the assumption of uni-directional power flow from transmission lines to a well
defined passive load, generally following an expected daily load curve. However, in
the middle of a sunny day distribution networks may now be exporting energy to the
wider grid, as shown in Figure This reverse power flow may results in issues in the
distribution network such as line congestion, high nodal voltages and incorrect operation
of protection systems [I3]. Conversely, with the increase in EHPs, HVACs, and EVs, as
well as the electrification of the transport and heating sectors, the average and peak load
of the distribution network may also increase [14], and require network reinforcement.
The coupling of these two phenomenon, along with the uncertainty and intermittency
of large-scale RES generation, can lead to very fast changes in generation or load for

which the system operator needs to compensate.

Due to the fact that electrical energy cannot be stored in the physical infrastructure

of the network, the energy supply and demand in the system must be instantaneously
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FIGURE 1.1: TIllustration of traditional uni-directional system operation, and the new
multi-directional power flow caused by DER

balanced at all times. If the generation and load are not perfectly balanced the system
frequency will deviate from the nominal value (50 Hz in Australia). If the system
operator fails to restore balance, it can lead to frequency deviations which can ultimately
result in blackouts and system collapse. Therefore, having sufficient provision of network
services is crucial to secure and reliable system operation. There are a number of markets
and services that a system operator can utilise to raise or lower the system frequency
and maintain generation/load balance in a network. Traditionally this system balancing

was provided by the dispatchable synchronous thermal generators.

The widespread introduction of RES and DER is making the task of balancing the gen-
eration and load in the network a more difficult one. Once the RES have been built and
start operating, they do not need to purchase fuel to be able to provide energy to the
network. Therefore, they can bid into energy markets at a very low price, as they have
an almost zero marginal cost (marginal cost is the change in total cost of production
that comes from increasing production by one unit). In this way they undercut conven-
tional thermal generators, which are then priced out of the market. As the amount of
RES integrated into a network increases, this phenomenon becomes more prevalent [15].
Therefore, integration of RES increases the amount of intermittent generation whilst
decreasing the amount of available scheduled generation. This can act to both increase
the magnitude of balancing services that system operators need to procure [16], as well

as reduce the number of resources operating in the market that can provide them. While
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RES can reduce the amount of energy that they are generating (through curtailment),
they have limited capability to increase their generation to provide balancing services.
This can mean that even though thermal generators are being priced out of the energy
market, other factors relating to network security and reliability may force operators to

dispatch these resources instead of, or in addition to, RES [17].

With countries relying on RES to replace thermal generation to meet their greenhouse
gas emission targets, this reliance on thermal generators to provide network services
needs to be addressed. If electrical networks are still relying upon fossil fuel burning
generators to supply essential services to the network, and if integration of RES and
DER can lead to more of these services being required, just adding RES and DER will

not necessarily lead to a lower carbon electricity grid.

The next section will outline the range of markets and network services that are present

in Australia to maintain secure and reliable system operation.

1.2 Australian Electricity Market Structure and Services

While similar mechanisms and services are required in electrical networks around the
world to address system balancing and security, the case studies that are utilised in this
work are considered to operate within the Australian National Energy Market (NEM).
Therefore, it is pertinent to provide a brief overview of how the NEM operates and
what markets and services are utilised by the operator to maintain a stable and secure

network.

1.2.1 Wholesale Energy Market

The NEM does not have a day-ahead energy market, as many other electrical systems
do. The energy market is instead cleared at 5-minute intervals, with pre-dispatch prices
for the day ahead being provided and updated every 5 minutes. Currently, the mar-
ket settlement period is 30 minutes (meaning the average price and the average power
supplied /demanded over a 30-minute period is used for payment). However, by the end
of 2021 the energy market will have moved to 5-minute settlement [I8]. This is the

mechanism that the Australian Energy Market Operator (AEMO) uses to balance the
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predicted demand and available supply in the network. However, if demand predictions
are inaccurate, or there is an unexpected change in generation (i.e., a drop in RES
generation, or a generator disconnects from the network) then AEMO has mechanisms
for that maintaining system balance. These mechanisms are called frequency control

ancillary services (FCAS).

1.2.2 Frequency Control Ancillary Services

There are eight FCAS markets in the NEM. These can be divided into four raise ser-
vices (for increasing system frequency) and four lower services (for decreasing system
frequency). Of the four raise FCAS markets, one is a regulation market and three are
contingency markets. The raise regulation market is commonly provided by resources
with automatic generator control that allows the AEMO to send control signals to the
resources to maintain system frequency during normal system operation. The three
contingency raise FCAS markets are used in the case of an event causing a large change
in frequency in the network (if the frequency deviates above 50.15 Hz or below 49.85
Hz). These are classified based on their required response time as fast (6 seconds), slow
(60 seconds) and delayed (5 minutes). The four lower FCAS markets are defined in the
same way [19] (see Figure[1.2)). These services are procured through a 5-minute market

in a similar way to the wholesale energy market.

1.2.3 Voltage Control Ancillary Services

It is AEMO’s responsibility to maintain system voltages at transmission network con-
nection points in the electrical network within set tolerances. Voltage control ancillary
services (VCAS) is one method that AEMO has to do this. When providing VCAS,
resources generate or absorb reactive power to help control the local voltage [19]. It
is generally more effective to address voltage management close to where it is required
[20]. Therefore, the location of a resource is an important consideration for provision of

this service. This service is currently procured by contracts with AEMO [21].
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F1GURE 1.2: Illustration of the eight FCAS markets.

1.2.4 System Restart Ancillary Services

The system restart ancillary services (SRAS) are required to restart the electrical net-
work after a partial or full black-out. This is traditionally provided by synchronous
generator that can start-up and supply energy to the grid without an external source
of supply [19]. This can then be used to energise an area of the network and restore
power to more load, so that additional generators can be brought online. In recent
years, research into utilising ’grid forming’ inverters to provide SRAS has been of in-
creasing interest [22]. The amount of SRAS that is required in each area of the network

is calculated by AEMO and procured through contracts [23].

1.2.5 Fast Frequency Response

The reduction in synchronous generators in the NEM has lead to faster and more severe
frequency deviations. The traditional FCAS markets may no longer be sufficient, and
new faster mechanisms may be required. This is the role of fast frequency response
(FFR). Within the context of the Australian electricity system, FFR is defined as ‘...
the delivery of a rapid active power increase or decrease by generation or load in a
time frame of two seconds or less, to correct a supply-demand imbalance and assist

in managing power system frequency’ [24]. It has been considered by the Australian
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Energy Market Commission (AEMC) to impose a requirement on new RES to be able
to provide FFR [25]. There has also been a request for an FFR ancillary service market

to be included for the Australian electricity grid [24].

1.2.6 Inertia

System inertia used to be guaranteed through the prevalent use of synchronous ther-
mal generators to generate electricity. Now, as more synchronous generators are being
priced out of the market by RES, the amount of available inertia in the system has been
dropping [26]. AEMC looked at making an inertia market in 2018, but decided against
it at the time. However, a new inertia rule for transmission network service providers
(TNSPs) was implemented that stated ‘From 1 July 2018, TNSPs that are Inertia Ser-
vice Providers will have an obligation to provide inertia metwork services if an inertia
shortfall has been identified.” [27]. So while there is currently no central market mecha-
nism (although there may be one introduced in the future), TNSPs may need to procure

inertia services to meet the requirements of this new rule.

1.3 Opportunities for RES and DER

Previously, maintaining system frequency entailed generators changing their output to
match the load. With increasingly intermittent generation this becomes more difficult.
However, the uptake in DER have led to the prospect of a responsive load as well as
generation to maintain system balance. Demand response from industrial, commercial
and domestic loads has been considered for helping maintain system balance [2§]. Energy
storage has also been used to provide ancillary services to the network, and have in
fact proved much more effective at providing FCAS services that traditional thermal

generation [29].

The negative effects that DER integration is having in distribution networks is leading
to consideration of new methods of ensuring reliable distribution network operation
through the coordinated operation of DER [30]. The increase in DER may be a cause of
the problems that distribution networks are currently facing, but may also be a solution,
and could possibly even facilitate provision of services to the wider network [31]. In the

report where AEMO laid out the issues faced by increased rooftop PV integration [6],
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it was also stated that having mechanisms for unlocking value from DER via two-way
markets was crucial, with a backstop mechanism to provide instruction to DER directly.
It is therefore apparent that new control methods, regulations and market structures are
required that facilitate RES and DER in providing services to the network. Enabling this
has a two-fold benefit. Firstly, if RES and DER can provide these services, then electrical
networks become less reliant on thermal generation. Secondly, provision of such services
can supply RES and DER operators with additional revenue streams, making further
installations more economically attractive. This could help to accelerate the integration

of these technologies, and hasten the arrival of a low carbon electrical network.

1.3.1 Electrical Flexibility

Electrical flexibility is a measure of a resource’s ability to deviate its electrical operating
point. This is the property of resources that can be leveraged to respond to market
signals and provide services. In many cases it is specifically the active power operation
of a resource that is examined with considering electrical flexibility. Electrical flexibility
can be thought of as composed of two distinct types of flexibility - upward flexibility and
downward flexibility. Upward flexibility is the ability of a resource to increase its net
active power injection into the network. Downward flexibility is the ability of a resource
to decrease its net active power injection into the network. To define the flexibility that
a resource has at its disposal, two other parameters (apart from power magnitude) need

to be defined: how quickly and for how long this flexibility can be provided.
Therefore, the metrics that can be used to measure the electrical flexibility of a resource
are proposed in [32] as:

e Power ramp-rate capacity: How quickly can a resource alter its active power out-

put.

e Power provision capacity: By what magnitude can a resource alter its active power

output.

e Energy provision capacity: How long can a resource maintain an altered active

power output.
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Using these metrics, a resource’s ability to take certain actions or provide services can
be determined. There are many resources that can provide electrical flexibility, each
with their own advantages and limitations. A selection of these will be further discussed

in the following sections.

1.3.1.1 Energy Storage

Energy storage resources are those which can absorb energy from the grid, and store it
to be injected back into the grid at a later time. Over recent years, BESS have come to
the fore of energy storage investment, with 3 GW of BESS capacity installed worldwide
in 2019 [10]. However, pumped hydro is still by far the most prevalent energy storage
technology with over 1,300 GW of installed capacity [33], and other technologies such
as compressed air energy storage (CAES) and liquid air energy storage (LAES) are all
seeing increased interest over previous years. The ability of these resources to act as
either a load or as a generator at any given time is a very attractive property, as it acts

to dramatically increase the power provision capacity of these resources.

Many of these energy storage resources are also known to be highly responsive, with fast
ramp rates. BESS are especially well known for this, with the ability to fully ramp up or
down in under a second [29]. LAES can alter its active power output at a rate of 5% of
P, per second when acting as spinning generation, and 20% of P,, per minute otherwise
[34] (where P, is the nominal active power output of the resource). CAES has similar
ramp-rate characteristics [35]. Pumped hydro storage can change from standstill to full
output at a rate of 65—90% of P, per minute and from standstill to full load at a rate of
25 — 75% of P, per minute. If the turbine is operating in synchronous condenser mode,

full power or load output can be achieved in under a minute [36].

These storage resources are now also achieve grid-scale power outputs, with LAES reach-
ing 50 MW power [37], CAES can operate in the range of hundreds of MW [38§], as can
BESS [39]. Pumped-hydro can be sized into the GW range [40]. However, the limita-
tion of energy storage resources usually comes from this energy provision capacity. For
most of these resources, they can only operate at maximum power for at most hours
before they run out of energy capacity, and this is a best case scenario. The energy
provision capability of these storage resources is entirely dependent on the amount of

stored energy at any given time. This may not be fully under the operators control,
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for example pumped hydro stored energy can vary seasonally. Therefore, it is possible
that a storage resource might not have any (or very little) energy provision capacity.
This is why development of operational strategies for energy storage resources are very
important to their successful utilisation of flexibility, and it has been seen that poor

operational strategies of BESS can result in limited utility [41].

In general, energy storage resources are attractive for fast response, short duration
services that are used to balance the system. This can be seen in Australia, where
BESS and pumped hydro accounted for around 40% of the frequency control ancillary
services (FCAS) market share in 2020 [I5]. They also have the additional benefit that
from an off state they can potentially provide either upwards or downwards flexibility, as
required. However, long term balancing services or provision of energy is likely beyond
these technologies due to the limited energy capacity. Effective management of stored
energy is also essential to these resources being able to reliably provide services to the

network.

1.3.1.2 Thermal Generators

The three major types are thermal generators that are found within power systems are
coal fired generators, closed-cycle gas turbines (CCGTs) and open-cycle gas turbines
(OCGTs). Coal-fired power plants have the slowest response of these with ramp rates of
1—3% of P, per minute, as well as having hours-long minimum up time and down time
requirements [42]. CCGTs have a slightly faster ramp rate at 2 — 4% of P, per minute
and OCGTs are the most responsive with 8 — 12% of P, per minute [43] and does not
take hours to start from cold as with coal fired plants and CCGTs. This increase in
response speed of OCGTs comes at the cost of reduced efficiency (< 40% compared to
CCGT efficiency of < 60% [35]).

These technologies are mature and are widely implemented at grid-scale power. However,
these resources can be limited not only by their maximum power output, but also by
their minimum stable generation (the lowest amount of power they can provide while
on and connected to the network). For thermal generators this can range from 20 —50%
of P, [43] which acts as an additional limit to the flexibility power provision capacity.
Assuming a robust supply chain, the energy provision of these thermal generators can

be considered as almost without limit. This is why coal-fired plants and CCGTs are
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often used to address the base load of a system. Whilst they cannot quickly change
their power output, they represent a significant amount of power, and have a very large

energy capacity.

However, with the large increases in RES these coal and gas generators are supplying
less and less of the energy demand in Australia. Due to their increased ramp-rate and
low efficiency, OCGTs are often used as peaking power plants to address temporary high
demand, as well as sometimes providing FCAS. However, in the past couple of years in
Australia, the FCAS market share that gas generators hold has been diminishing in the

face of the rising energy storage market share [15].

1.3.1.3 Renewable Energy Sources

Most RES utilised an inverter-based connection to grid, which can allow a RES to rapidly
alter its power output in under a second [44]. While this provides RES with a great
ability to provide downwards flexibility by curtailing generation, in order to be able to
provide upwards flexibility a RES would need to operate below its maximum available
generation. This could potentially involve curtailing a significant amount of energy. The
power provision capability of a RES is uncontrolled and will vary with the availability
of the source of energy being utilised. Similarly to having limited control over the
power provision, RES also lack control over energy provision. There will be uncertainty
over how long the RES will be able to maintain a set operating point, again due to
the stochastic nature of the energy sources being utilised. So RES are best suited for
providing fast response, short duration downwards flexibility services. However, inverter-
based RES may be well positioned to provide reactive power flexibility, as inverters are

extremely capable at altering their reactive power output [45].

1.3.1.4 Hydrogen Resources

The ability of RES to generate large amounts of ‘green’ energy has spurred investigation
into how it might be used to help decarbonise sectors other than the electrical sector.
While hydrogen has been hailed as a next-generation fuel for many years, due to ad-
vancements in technology maturity and reduction in capital cost, there is now significant

interest and investment in hydrogen. Recently the concept of ‘green hydrogen’ (hydrogen
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produced by an electrolyser utilising electrical energy from RES) has been considered
to help decarbonise the gas networks, as well as transportation and agriculture sectors
[46]. Specifically, there is increasing interest in the proton exchange membrane (PEM)
electrolysers, which is replacing alkaline electrolysers as the favoured type due to lower
footprint, high efficiency, and faster dynamic response time [47]. In fact, PEM electrol-
ysers can respond to requests for flexibility within milliseconds, and can fully ramp up
or down in under a second [48]. With PEM electrolysers now commercially available in
the MW range [49], and assuming that there is a sufficient amount of hydrogen stor-
age/export capability, PEM electrolysers have fast response times, large power ranges,

and extended energy provision capacity making them a very flexible resource.

In addition, resources such as fuel cells and hydrogen-fuelled gas turbines can be used
to convert hydrogen back into electricity to provide additional electrical flexibility. Both
fuel cells and hydrogen OCGTs have fast ramp rates [50], but have energy provision
capacity limited by the amount of stored hydrogen. Another drawback is that the round
trip efficiency of converting electricity to hydrogen and back is low (around 30%) [51],
so strong price signals would be required for this operation. The hydrogen created by
these electrolysers can also be used to fuel hydrogen-based transportation, be synthesised
into 'green’ methanol [52], injected into gas networks [53], or converted in ammonia for
the agriculture industry. Therefore, both the electrolyser’s electrical flexibility, and the

hydrogen that it creates are valuable to the decarbonisation effort.

Hydrogen has become an energy vector of interest in previous years in Australia, as can
be seen in the number of electricity-hydrogen projects that are underway including the
Hydrogen Superhub in Crystal Brook Energy Park in South Australia [54], the Denham
Hydrogen Demonstration Plant [55] in Western Australia, and the ATCO Hydrogen
Microgrid [56].

1.3.1.5 Heating Resources

The electrical and heating energy sectors are coupled through resources such as elec-
tric boilers (EBs), EHPs, HVAC and CHPs. CHPs can ramp at rates of 5-20% of P,
per minute and heating loads such as EB, EHP and HVAC can be shut down within
a minute [35]. While the ramp rate of these resources is attractive, they likely have

low power ratings meaning that the magnitude of flexibility each resource could provide
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would be small. The energy capacity provision for these resources comes from thermal
energy storage (TES), or the thermal energy that a building can inherently stored. The
increase/decrease of building temperature can be seen as equivalent to charging/dis-
charging storage [57]. This allows these heating and cooling resources to then provide
electrical flexibility whilst satisfying their heating/cooling load [58]. However, there is
associated uncertainty with how much equivalent energy capacity can be provide, and
this would also vary over time. Therefore, these resources would be less suitable for

provision of flexibility over an extended period.

1.3.2 Aggregated Flexibility - The Virtual Power Plant

The motivation behind aggregation is the idea that as a group, resources are better able
to provide services and participate in markets. If there is a common goal of the aggrega-
tion of resources, implemented through an aggregator’s control scheme, it allows them
to appear to a network or market operator as a single resource [59]. This coordinated
operation of DER is the method by which Gerard et al. [31] proposed DER could pro-
vide local services to a distribution network service provider (DNSP) (such as helping
alleviate some of the distribution voltage and power flow issues mentioned earlier), as
well as services to the wider network. An aggregator could go even further, and assist
network operators by providing capacities services to postpone network reinforcement
[60]. Aggregators could also allow DER to benefit from economies of scale, and are
likely to have more complete information on which to act, reducing operational risk
[61]. The rapid increase in DER penetration leads to a sharp growth in resources that
are currently being under-utilised with regard to market participation and provision of
services. Methods of resource co-ordination and aggregation are key to addressing the
challenges outlined in Section [I.1] as well as maximising the value obtained from DER
operation. A prominent method for resource aggregation seen throughout the literature

is the virtual power plant (VPP) [59] 62].

A VPP can be thought of as a distributed power plant. A VPP can be comprised of
a diverse set of resources (which can be loads, generation, or storage - controllable, or
uncontrollable) with some form of central operating entity that acts as a intermediary
between the resources and the network/market operator, as illustrated in Figure

The concept is that the network/market operator can view this VPP as a single entity
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that can participate in markets and provide services, much like a conventional power
plant [59]. As an example, the controlling entity of a VPP could be an aggregator, or an
energy retailer. Therefore, another way to view a VPP is the fleet of resources which an
aggregator controls. The VPP controller can submit bids to the market, and can then
provide signals to the DER so that the operation of the VPP as a whole matches the
bid submitted in the most efficient way possible. These VPPs have been identified as
important tools in the future electricity network [6]. For example, there are seven VPP
trials currently occurring in Australia [63]. The operators of these VPPs includes energy
retailers, equipment manufacturers, equipment retailers, and energy generators. How-
ever, energy retailers are the most common operators of VPPs. Regulatory frameworks
are also being developed to assist with the utilisation of these new entities, such as the
AEMC looking to introduce a wholesale demand response mechanism that will allow
consumers the provide demand response through aggregators [64]. The VPP operator
may also be the owner of the resources, as is the case in Energy Locals VPP, where cus-
tomers are offered discounted energy retail tariffs to allow the VPP operator to install
DER at their home [65]. It should also be noted that just because a resource in operated
as part of a VPP, does not mean that the VPP operator owns that resource. The VPP
operator may pay the DER owner a set fee for access to their DER [66], or a $/kWh fee
[67]. They may also provide incentives in the form of discounts off the purchase price of
the DER [66]. The contractual arrangements between VPP operators and DER owners,
and how DER profits are assigned to different stakeholders is outside the scope of this

thesis.

The flexible resources outlined in the previous sections each have their own pros and
cons - they may have a slow ramp, be of limited size, or lack long-lasting energy pro-
vision capacity. However, if a diverse group of resources are aggregated together into a
VPP, the flexibility of the aggregator may not be limited in the same way. In fact it is
highlighted in [32] that the flexibility of an aggregation of resources is greater than the
sum of the flexibility of its individual resources. This means that a VPP would likely
have the flexibility to provide a service that individual resources would not [63]. This is
because multiple resources could operate together to provide a service and so be able to
provide more flexibility, quicker and for longer than any individual resource. Aggregat-
ing resources across multiple energy vector to create a multi-energy VPP can provide

economic and environmental improvements [68] and can provide greater flexibility to the
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FIGURE 1.3: Overview of a VPP

electrical network [69].

A VPP operator cannot solely consider the active power outputs of its resources to
provide electrical flexibility. The ability of a resource to change its reactive power oper-
ating point is also an important consideration, as this can be vital to providing network
services [19]. The choice of active power operating point will have implications on the
reactive power operating point due to resource’s technical limitations and so these two
aspects should be considered together. It has also been identified by Riaz and Mancar-
ella [70] that the network in which a VPP exists can have a significant impact on the
flexibility that a VPP can deliver without violating network constraints, and thus the

electrical flexibility that a VPP can monetise.

While VPPs are an appealing prospect, challenges remain as to how this aggregation of
resources is controlled, operated and interacts with other network entities to maximise
revenue and utility to the network. This challenge of optimal operation and control
of VPP is usually addressed through the formulation and solution of an optimisation

problem.
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1.4 Optimisation Theory

Optimisation theory is a wide-ranging area of research, and what is presented here will
be only that which is sufficient for understanding the work reviewed and presented in this
thesis, and heavily restricted to the context of optimal power flow (OPF). For readers

unfamiliar with optimisation theory the following texts are recommended [7TH74].

Classically, the aim of an optimisation is to minimise or maximise a given objective func-
tion by choosing values for a set of decision variables that are feasible in the sense that
they do not violate a set of constraints. There are several categories of optimisation that
will be mentioned in this work, and the following sections are to provide a reader with
a cursory overview and introduction to nomenclature and definitions used throughout

this work.

1.4.1 Linear Optimisation

In a linear optimisation (also know as a linear program (LP)) the objective function
and all constraints of the optimisation are linear with regard to the decision variables.
Linear optimisations are generally well understood, and there are algorithms which are
very efficient at solving linear optimisations even at large scale, such as interior-point
methods [75] used by commercial solvers. This makes them in general the most efficient

optimisations to solve.

1.4.2 Convex Optimisation

In a convex optimisation, the objective function and all constraints of the optimisation
are convex with regard to the decision variables. For a function to be convex, it must
satisfy

flay+ (1 —a)z) <af(y)+ (1 —a)f(z), Vy,z € R" (1.1)

where 0 < o < 1. If a function does not satisfy this requirement, then it is non-convex.

An example of a convex and non-convex function in two-dimensional space is shown in

Figure
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af () + (1 - a)f (2)

flay + (1 - a)z)

y ay+(1—a)z z y z

FIGURE 1.4: (Left) graph showing convex function f(z). (Right) graph showing non-
convex function g(x).

The linear optimisation is a special case of a convex optimisation problem, as all linear
functions are also convex. Convex optimisations can also generally be solved efficiently
using interior points methods [72], although usually not as efficiently as LPs. An impor-
tant characteristic of convex optimisation problems is the guarantee that local optimality
(i.e., optimal over a feasible neighbourhood of the point) implies global optimality (op-

timal over the entire feasible set).

1.4.3 Non-Linear Optimisation

The term non-linear optimisation (also know as a non-linear program (NLP)) is used
to describe problems that do not have the convexity properties to be classed as a con-
vex optimisation. These optimisations are generally much harder to solve than convex
optimisations, and solution algorithms may not find a global optimum, and may not
converge to a feasible solution at all. There are a range of algorithms in use and un-
der development to efficiently solve non-linear optimisations, such as particle swarm

optimisation [76] and genetic algorithms [77].

1.4.4 Integer Variables

If a subset of the decision variables in an optimisation are integer variables, then the
optimisation can be defined as a mixed-integer program (MIP). Integer variables gener-
ally represent on/off decisions, or yes/no decisions to take an action. They are also used

in optimisations that consider indivisible units. The inclusion of these integer variables
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makes an optimisation non-convex. However, methods have been developed to address
this problem, such as the branch and bound [7§], and cutting plane methods [79]. These
involve iterative solving of relaxed versions of the MIP problem (these versions involve
integer constraints being removed, or the value of integer variables being set). For this
to be tractable, a solution to the relaxed problem must be achievable is an efficient man-
ner. Generally mixed-integer linear programs (MILPs) can be solved most efficiently,
because the linear relaxations can be solved most efficiently. Algorithms to efficiently
solve mixed-integer convex and mixed-integer non-linear programs are an area of active

research [80].

1.4.5 Uncertainty in Optimisations

When conducting an optimisation problem, there may be some optimisation parameters
that are uncertain. This section will provide an overview of methods that can be used to
incorporate these uncertain parameters into optimisations. The ideas on how to tackle a
problem such as this falls within the topic of stochastic optimisation [81}82]. There are a
number of different approaches that have developed to address this issue of uncertainty,

and a brief overview of the concepts of a selection of those is provided below.

1.4.5.1 Nominal Approach

The nominal approach is the simplest approach to consider uncertainty. By taking
the expected value of the uncertain parameter this optimisation can be solved using
conventional approaches to find the optimal solution. The simplicity of this approach
comes at the cost of the robustness of the solution. Utilising this method provides no
information about how the objective function with change with changing values of the
uncertain parameter, or any guarantees that the solution is feasible as the value of the

uncertain parameter changes.

1.4.5.2 Robust Approach

In its most basic form, the idea of a robust optimisation is that for all realisations of the
uncertain parameter, the solution to the robust optimisation will be feasible. Whilst the

exact value of the uncertain parameter may not be known, the set of values in which in
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can fall may be known. In general, a robust optimisation is a problem with infinitely
many constraints, which can lead it to be computationally intractable. However, knowl-
edge of the properties of the uncertainty set allows tractable representations to be found
in various cases [83]. In many cases where this approach is used in the OPF literature, a
simple interval uncertainty is used [84H86]. The robust method of addressing uncertainty

is likely to be the most conservative of the approaches considered here.

1.4.5.3 Chance-Constrained Approach

Instead of trying to find a solution to the objective, such that the constraints are satisfied
for every possible realisation of the uncertain parameter (as with robust optimisations),
chance-constrained optimisations instead try and ensure that the constraints are satis-
fied with a set probability. There does not exist a general solution method for chance
constrained problems [87], making them difficult to solve. However, some special cases
do exhibit favourable characteristic that make them easier to solve. If the problem does
not fall into these special cases, then more complex methods are required to obtain a

solution.

1.4.5.4 Scenario-based Approximation

Generally, chance-constrained optimisations are difficult to solve [88]. This has led to
development of methods to be able to work with chance-constrained optimisations. One
of these methods is the scenario-based approximation. A scenario-based optimisation
creates a finite number of scenarios from the probability distribution that governs the
uncertain parameter, and then solves the optimisation considering all these scenarios.
This is an attractive proposition because, as detailed in [88], in general the robust
approach and chance-constrained approach are very difficult to solve and can often
be computationally intractable. The scenario-based approximation is generally much
more tractable [89], and has the additional advantage that, if the number of scenarios
is chosen properly, then the solution to the scenario-based approximation has a high
probability of satisfying the chance-constraints [90]. The drawback of this approach
is that a large number of scenarios may be required to provide useful probabilistic

guarantees of chance-constraint satisfaction. A scenario-based approach to consider
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uncertainty in VPP operational framework problems has been utilised in a number of

works [91H94].

1.4.5.5 Receding Horizon Control

Receding horizon control (also known as model predictive control) is a form of feedback
control [95]. A multi-period optimisation is solved over a prediction horizon, and then
the first control action is implemented (i.e., the solution of the first time step is imple-
mented). At the next time interval the optimisation is solved again, with the prediction
horizon shifted one time step forward [96]. This control strategy does not necessarily
explicitly consider uncertainty within the optimisation formulation. However, it allows
a controller to defer decisions as long as possible, and to update them at every time
step in light of updated information. Using this feedback mechanism has been shown to

provide robustness to small disturbances (uncertainties) [97].

1.5 Aim and Scope of Thesis

This section will detail the aims and objectives of the research presented in this thesis,

as well as the limits to the scope that have been set by the author.

1.5.1 Research Aims and Questions

A comprehensive operational framework that can be utilised by VPP operators (and ag-
gregators more widely) to schedule and dispatch their resources is key to the integration
of DER and RES into markets and service provision. Its use is also crucial for operators
to be able to maximise the revenue and utility of their VPP, thereby attracting more
investment into VPPs. The method by which a VPP can comprehensively determine its
flexibility in multiple energy vectors and utilise this flexibility to participate in markets

and provide services while considering uncertainty has not been well defined.

This thesis aims to develop a comprehensive operational framework to allow a
multi-energy VPP operator to utilise its operational flexibility while consid-
ering uncertainty. Particularly, this thesis aims to answer the following key research

questions:
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1. To what extent can a VPP simultaneously participate in multiple markets and

provide contractual network services, and what effect does this have on VPP prof-

itability?

2. How effectively can the framework capture the flexibility inherent in the exchange

of energy into different states, and how can it act to optimise this interaction?

3. In what way can the framework capture future uncertainties to allow the VPP to

act in a feasible and near-optimal way whilst maintaining tractability of a problem

with a 5-minute dispatch granularity and a 24-hour planning horizon?

4. In what ways can this operational framework be more widely used, other than for

VPP operational scheduling and dispatch?

1.5.2 Objectives

To address these research aim and questions, the following objectives are defined:

1. Create a methodology for an optimisation-based VPP operational framework that

schedules and dispatches resources within the VPP with the following attributes:

(a)

(b)

Participation in multiple markets - Considering all markets that the

VPP has access to.

Provision of network and contractual services - Contractual agreements

and services make up an important part of the electricity system operation.

Modelling of network power flows and voltages - To be able to provide
some network services, and to have an understanding of the effects a VPP has
on the local network state (and conversely how the state of the local network

may effect the operation of a VPP) modelling the local network is essential.

Interactions between multiple energy vectors - As outlined above, the
electrical network has become, and will continue to be, increasingly linked
to other energy vectors. Being unable to consider this may severely limit

application of operational frameworks in the future.

Consideration of uncertainty - Considering uncertainty in RES available

generation and load demand is an important aspect to help aggregators to
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ensure that they can deliver bids that they make. Considering uncertainty in

market prices is also important to maximise aggregator revenue.

(f) Tractable for use with short dispatch periods - An aggregator should
not be limited in their use of an operational optimisation tool because of the
market structure in the country they are in. As market structures vary from
country to country, it is important to consider how capable an optimisation
tool is in markets with short dispatch periods (which would lead to a larger
optimisation problem and are likely the most complex market structure for
optimisations). Therefore, the framework should be able to consider 5-minute

dispatch periods, and a 24-hour horizon.

2. Demonstrate the efficacy of all of the aspects of the proposed framework, and the
potential additional benefits derived by a VPP operator utilising this framework

for day-to-day operation through case studies.

3. Demonstrate that the proposed framework can be easily adapted in such a way
as to be used by a non-VPP network entity, or for long-term techno-economic

analysis.

1.5.3 Limits to Scope

This scope of the proposed operational framework is already very large by design, and
the topic is complex and interwoven with other questions and challenges with respect to
the future operation of electrical (and multi-energy) networks. Whilst the aim is to make
the operational optimisation-based framework proposed in this work as comprehensive
as possible, there are limits on the scope of this work in order to define the functionality

of the framework.

1.5.3.1 Centralised Control

The control approaches of an aggregation of resources can be broadly split into cen-
tralised and decentralised approaches. A centralised approach features an single con-
trolling entity (the aggregator) that has all the information, solves an optimisation
problem and then issues control instructions to the resources. A decentralised approach

has multiple decision makers who solve their sub-problems (potentially multiple times)
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and interact with each other through some prescribed mechanism to converge on a so-
lution to the problem as a whole. The main reasons provided for utilising decentralised
optimisations are to allow the problem to scale more efficiently, and to address privacy
concerns of the participating resources. While these are legitimate concerns, we shall
show throughout this work that the centralised framework proposed maintains tractabil-
ity when considering real world problems. Privacy issues are not considered in this work,
as the aim of this work is to highlight the techno-economic impact of a comprehensive

operational framework.

1.5.3.2 Energy Balance

The operation and modelling of electrical networks varies in scope and time scale from
decades to microseconds. This is a change of fifteen orders of magnitude, and depending
on which time scales are being examined, different considerations are required. This work
focuses on the energy balancing in the network, and so deals with time scales of days
to seconds. For this reason the very detailed modelling used for system dynamics and
stability is not considered in this work, and a single-phase approximation of a balanced

three-phase network is utilised.

1.5.3.3 Only Electricity Network Services

This work focuses on the myriad of services, markets and technical limitations that
need to be considered for comprehensive operation in the electrical network. This is
required do to the sensitivity of the electrical network to changes in state, and the
requirement for instantaneous balancing of supply and demand. Many other energy
vectors that have network infrastructures (i.e., gas, district heating) have an inbuilt
buffer to these imbalances (i.e., through pipeline pressure, or water temperature). For
this work to focus on the effects of multi-energy operation of the electrical network, these
non-electrical energy vectors have their supply and demand balanced at each node, but
their transportation networks are not modelled. Addition of energy flow modelling for

non-electrical energy vectors could be a prospect for future work.
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1.5.3.4 Price-Taker Market Participation

A ‘price-taker’ is an market entity that has no control of the price of goods/services
(in this case the electricity market prices). This is usually because they have small
transactions in the market. For the purposes of electrical market clearing, these entities
would bid into the market at extreme low or high prices (depending on if they are selling
or buying) to ensure that their bid is cleared through the market. A ‘price-maker’ is an
entity that submits a price/power bids that the market operator will then use to clear
the market. The resulting market clearing price will dictate how much power that entity
buys or sell in the market. A ‘price-maker’ with a large market share could influence

market price with its buying/selling power.

An aggregator is likely to have a relatively small capacity compared to the system as a
whole. There is also a small likelihood that the aggregator would be setting the system
marginal price. Therefore, for the purposes of highlighting the technical capabilities of
and aggregator, and providing a reasonable estimate of aggregator revenues a price-taker

approach has been used.

1.5.3.5 Communication Infrastructure

It is assumed that an aggregator utilising this operating framework will be able to
establish the communications infrastructure required to support its operation. It is
not considered that this framework has overly complex communication requirements,
and the fact that there are currently VPP trials occurring indicates that the required
communication infrastructure isn’t overly onerous. As such, this infrastructure is outside

the scope of this work.

1.6 Contributions

In general, the issue with previously proposed operational frameworks is that they fail
to consider at least one major component of the overall problem identified in Section
which can limit their utility or cause them to miss vital opportunities/limitations.
This will be further considered, and this research gap identified in Chapter
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A methodology for the proposed optimisation-based operational framework that ad-
dresses the six key attributes outlined in Section [1.5] is proposed in Chapter This
methodology is an innovative combination of three linked optimisations that operate
over a range of time scales, from day-ahead to 5-minute intervals utilising scenario-
based and receding horizon optimisations to address uncertainty. The detail with which
the electrical network is considered varies across the framework to balance accuracy
and tractability. Specifically, the framework couples a scenario-based optimisation for
day-ahead resource scheduling, with linearised power flows, and two receding horizon
optimisations for close-to-real-time dispatch, with a more accurate second order cone
(SOC) relaxation of the power flows. A wide range of markets and contractual services

can be considered, as can the coupling of multiple energy vectors.

In order to demonstrate the efficacy of the framework at allowing a VPP operator to
provide multiple services and participate in multiple markets a case study VPP system is
proposed in Chapter [d This case study utilises the proposed framework to co-optimise
a VPP’s provision of multiple market (e.g., energy, reserve), system (e.g., FFR, inertia,
VCAS), and local network (e.g., voltage support) services with the aim of maximising
its revenue. The tractability of the proposed approach, operating within local network
constraints, while accommodating the uncertain nature of market prices, local demand,
and renewable output is shown. The results from this real Australian case study demon-
strate how the proposed framework enables effective deployment of VPP flexibility to
maximise its multi-service value stack, within an uncertain operating environment, and

within technical limits.

Another case study is proposed in Chapter [4] to show how this framework can be utilised
by different entities within the network, and how the different methods by which these
entities might be able to interact to facilitate provision of local network support (main-
taining voltages and power flows in a network within acceptable limits). This considers
concepts of fairness in how this local network support is obtained, and the impact of dif-
ferent DER control methodologies on the provision of local network support. The ability
to accurately model the voltages and power flows in the network and their dependence
on both active and reactive power is a key property of the proposed framework that is

utilised in this case study.

The flexibility that can be unlocked by a VPP operator utilising this framework with a
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set of multi-energy resources is considered in Chapter [5] A case study uses multi-energy
flexibility maps to illustrate the VPP’s flexibility and to conduct post hoc analysis of
its operation. The proposed multi-stage operational framework ensures time-varying
multi-energy flexibility is optimally deployed in multiple downward and upward energy
and reserve markets, and for the provision of inertia, FFR, VCAS, and local network
support, while robustly hedging against uncertainty. The case study demonstrates the
unique flexibility features of multi-energy hubs in promoting new business cases. In an
additional case study, the use of the proposed framework enables optimised participa-
tion in multiple energy and ancillary service markets, while alleviating local network
constraints. The case study deploys an electricity-hydrogen VPP demonstrating the
efficacy of the proposed framework. The results highlight the tight interaction between
local network support and system-level market participation, and how provision of local

voltage and VCAS can enhance the VPP’s ability to maximise its market revenues.

Finally, the utility of the proposed framework is further presented by applying it to a
techno-economic assessment of an electric-hydrogen VPP to establish a business case
using both net present value and discounted payback period metrics to assess economic
viability. This techno-economic assessment considers multiple VPP configurations and
the effect of participating in multiple markets and services on a VPP’s economic viability.
Energy, hydrogen and six FCAS markets are considered. Contractual FFR, VCAS, and
SRAS services, as well as contracts with RES to purchase curtailed energy, are included.
Sensitivity analysis to market prices is conducted, including 8 years of past energy and
FCAS pricing. The ability of a VPP operator to leverage its multi-energy flexibility to
participate in multiple markets and provision of multiple services is key to establishing
an economically viable business case, identifying the benefit of utilising the proposed

framework.

1.7 Overview of Thesis

This thesis aims to propose a comprehensive operational framework for VPPs that con-
siders: multiple markets and services, multiple energy vectors, modelling of electrical
power flow, methods to mitigate the impacts of uncertainty, and tractability across
different market structures. In Chapter 2 the current literature in this area will be re-

viewed, and a research gap will be established which the work in this thesis aims to fill.
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In Chapter 3 the formulation and operation of the framework will be provided in detail.
Chapter 4 will present two case studies that illustrate the efficacy of the framework in
providing multiple services, and how the framework can also accommodated multiple
actors in a system. Chapter 5 proposes two case studies for a multi-energy electric-
hydrogen VPP. These studies will demonstrate how the framework allows the VPP to
harness its multi-energy flexibility to provide services and generate additional revenue.
Chapter 6 highlights the versatility of the framework by utilising it to conduct a business
case assessment of a proposed electric-hydrogen VPP. By conducting techno-economic
analysis over long time scales, the framework is able to estimate the revenue that the
VPP could generate with different market portfolios. Coupled with investment analysis,
this chapter considers under what conditions these possible multi-energy VPPs would

be a economically attractive prospect.

1.8 Overall Findings

The framework has the capability to consider participation in multiple market and pro-
vision of multiple services. This framework allows a VPP to simultaneously participate
in markets and contractual services by assigning flexibility to each. Additionally, multi-

market participation is key to long-term VPP profitability.

A multi-energy node formulation enables the framework to capture the flexibility avail-
able in the interchange between energy vectors. Through case studies it is demonstrated
that multi-energy interactions are an effective source of flexibility for participation in
markets and provision of services. In the case of coupling electricity and hydrogen, the
consideration of both multi-energy flexibility and multi-market participation is impor-
tant as it can fundamentally change the operation of multi-energy resources. It also

increases the amount of hydrogen that can be profitably generated.

The combination of decomposing the framework into three optimisations with the utili-
sation of scenario-based optimisation and receding horizon control allows the framework
to capture uncertainty in a tractable way, without being overly conservative. Being
tractable for short time intervals, coupled with receding horizon control is important for

maintaining VPP profitability in a market with short bidding windows.
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The adaptable nature of the framework allows it to be used in a range of settings and
by a range of entities. It is shown how a distribution system operator could use this
framework to allocate network capacity to DER in the network. It is also shown that
the framework could be used for long-term techno-economic evaluations for business case

assessments.

Overall, the comprehensive optimisation-based operational framework to allow a multi-
energy VPP operator to utilise its operational flexibility to participate in multiple mar-

kets and services while considering uncertainty proposed in this thesis is effective.



Chapter 2

Literature Review on Existing
Virtual Power Plant Operational

Frameworks

2.1 Introduction

VPPs have been identified as a potential method of utilising the inherent flexibility of
RES and DER. Effectively utilising this flexibility could allow these resources to partic-
ipate in markets and provide services to the network which were previously provided by
fossil fuel thermal generators. However, the question remains as to how a VPP operator
can optimally assign control instructions to its constituent resources to maximise the
VPP’s utility /revenue. In Chapter [1| Section six attributes were outlined that are
considered to be highly important in a comprehensive VPP operational framework:

1. Consideration of multiple markets.

2. Consideration of other network and contractual services.

3. Consideration of network power flows and voltages.

4. Consideration of multiple energy vectors.

5. Consideration of uncertainty.

29
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6. Tractable for use with short dispatch periods.

In this chapter, previous proposed approaches to formulating VPP operational frame-
works will be discussed in relation to these key attributes, and research gaps will be

identified.

2.2 Virtual Power Plant

The concept of a VPP was introduced in [98] as a ‘Virtual Utility’, but the term ‘Virtual
Power Plant” was proposed in 2003 [99]. It wasn’t long before optimisations for VPP
operation were being examined. In 2004 an optimisation was proposed to minimise
the operating costs of aggregated electricity generators, heat generators, co-generation
plants, and thermal energy storage (TES) [100]. While this work was innovative in its
consideration of multiple energy vectors, the electrical model was basic - considering
only energy balance between generation, load and the grid. The framework proposed in
[101] also focused on the interaction between heat and electricity. The authors considered
how aggregated demand response from heating/cooling loads from a variety of consumer
types can be used to minimize demand over a control window. This highlighted the
ability of TES in buildings to be used as a form of energy storage to shift demand.
However, this work was focused on the viability of the concept of providing demand
response from thermal loads, and so there is little commercial consideration, and no

network model.

2.3 Commercial and Technical Capabilities

The concepts of a Commercial VPP (CVPP) and a Technical VPP (TVPP) are provided
in [102] as the following:

e ACVPPis‘... arepresentation of a portfolio of DER that can be used to participate
i energy markets in the same manner as a transmission-connected generating

plant.’.
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e A TVPP on the other hand ‘... provides visibility of DER to the system operator(s),
it allows DER to contribute to system management activities and facilitates use of

DER capacity, providing system balancing at the lowest cost.’.

Both [100, 10I] would be considered CVPPs. As would [103], where a VPP demand
response method is proposed. However, the work only considers load control, and the
control of the VPP operator in this approach is limited. The operator selects a load
profile for each load from a set of predetermined profiles submitted by the consumer to
minimise VPP cost. The predetermined profiles are ranked in order of preference, and
the VPP operator pays the consumer for selecting a profile other than the preferred one.

Only active power balance was considered, with no other power flow considerations.

An example of a TVPP can be found in [I04]. This work considers how aggregated
control of PV inverters can be used to provide local network support by ensuring lo-
cal voltages are maintained inside set limits while minimising network losses and power
curtailment. A semi-definite programming (SDP) convex relaxation of the power flow
equations is utilised to capture the influences of active and reactive power on system
voltages with a high level of accuracy whilst maintaining the tractability of the optimisa-
tion. The work concluded that PV inverters were able to provide local network support,
and utilising both active and reactive power control was the most effective way of do-
ing so. This highlights the importance of using convex relaxations rather than linear
approximations to better capture reactive power and network voltage interactions. A
drawback of this work is that it only considers PV, and does not consider any commer-
cial interactions. Therefore, it is unclear what the financial implications are of providing

such a service.

There is obvious utility in a VPP (and an operational framework) that can be used
for both commercial and technical purposes. This is why many operational frameworks
proposed in this area consider in some form both commercial and technical operation of
a VPP. This being said, the level of detail that is used to examine the commercial and

technical aspects of VPP operation varies considerably.
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2.4 Network and Power Flow Modelling

There have been attempts made to develop a VPP operational framework that can
consider technical aspects of VPP operation without explicitly modelling the power
flows in the network. Ome example is in [I05], which considers a VPP consisting of
distributed energy storage that participates in energy and system balancing markets.
A service to a distribution system operator (DSO) is also considered by ensuring net
power flow at the grid connection point is below the transformer apparent power limit.
The VPP achieves provision of this service, however the network and power flows are
not considered. Therefore, the application of this framework is limited to the context
where all VPP resources are located at the transformer bus, which is deemed unlikely.
However, what this work does highlight is that a VPP is capable of participating in

multiple markets, and there is definite benefit in doing so.

There are many other works that also take a similar approach and propose a VPP
operational framework that can provide technical services without explicitly considering
power flows [93, [94], T06HI09]. These usually require direction from a system operator, or
basic energy balance is used to provide the service. As will be discussed in later sections,
this omission in modelling power flows is usually because these works are focused on

implementing another of the framework attributes outlined in the Section [2.1

The importance of explicit consideration of network constraints and power flow modelling
is highlighted in [70]. It is shown that the network may have a noticeable effect on
a VPP’s feasible operating region. This reduces the magnitude with which a VPP
can participate in markets and provide services. Inclusion of power flow equations in
modelling is then crucial, both to optimise the operation of a VPP within the context of
this constrained environment, but also to be able to provide additional network services

that may lead to additional revenue.

In [I10], it is considered how a VPP can act commercially whilst providing technical
services (voltage support in the local network). However, this is achieved through a
network controller determining the reactive power operating point (and by extension
allowable power factor range) of the resources in the VPP. The VPP optimisation takes
these as an input whilst acting to minimise operating costs. So while this approach does

consider both the technical and commercial capabilities of a VPP, they are not integrated
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into an optimisation. This could limit both the technical and commercial operations of
the VPP, and provides no insight into how the two are linked. A paper which combines
both the technical and commercial aspects of VPP operation into a single optimisation
can be found in [I1I]. An SDP convex relaxation of the power flow equations is used to
yield a convex optimisation. This optimisation maximises VPP revenue in the wholesale
energy market while ensuring the network operates within allowable limits. This allows
the authors to investigate the effect of DER placement and different control schemes on
VPP revenue. The authors determined that a centralized co-operative control scheme
vastly outperforms a non-cooperative scheme, even if it is centrally controlled. Also
highlighted in [IT1] is the importance of accurate network modelling to be able to capture
phenomena such as losses, or renewable energy curtailment. However, the proposed
framework in [111] does not include many of the other aspects needed for a comprehensive
framework such as multiple markets/services, multiple energy vectors or consideration

of uncertainty.

2.5 Participation in Multiple Markets and Services

One of the aims of utilising a VPP structure is to attempt to obtain the maximum
revenue for the constituent resources. Very often this is not simply confined to the ability
to participate in a single market or provide a single service. The importance of DER and
RES being able to provide a range of network services was discussed in Chapter[I] If this
aggregation approach is to be implemented in the real world, it must be economically
viable. It is shown in the literature reviewed in this section that the economic benefits
of forming/participating in a VPP are highly dependent on multi-market participation.
For example, [106] shows that a diverse set of resources (including PV, battery energy
storage system (BESS), gas generator and flexible load) can be controlled in a VPP
to participate in a wide range of markets and provide contractual services. This work
demonstrates that co-optimisation of different markets and services results in higher
revenues which can effect the economic viability of DER installations. The flexibility
available to the VPP operator is also visualised and quantified. However, power flows
and network constraints are not considered, with the exception of constraints on total

power imported/export by the VPP. So while [I06] provides a thorough examination
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of the economic aspects of VPPs, it overlooks some of the network-based technical

considerations and uncertainty in the optimisation.

While the authors of [112] do not consider as wide a range of markets and services as
in [106], they do consider network constraints and power flows. The authors propose a
VPP operating framework formulated as a deterministic unit commitment problem that
participates in the wholesale energy and spinning reserve markets. In this work the AC
power flow equations are used to yield a mixed-integer non-linear program (MINLP).
The results of implementing this proposed framework are show in [I13] and again re-
inforces the notion of increased revenue being associated with effective multi-market
participation. However, it is noted that a relatively small problem (384 decision vari-
ables) takes over 35 minutes to solve. Therefore, it is unlikely that this approach would
be suitable for inclusion of further complicating considerations such as additional mar-
kets/services, multiple energy vectors, or uncertainty. A similar issue can be seen in
[114] in which a VPP operational framework is proposed that conducts a day-ahead
dispatch considering participation in multiple markets and using AC power flow equa-
tions to ensure network constraints are not violated. A second stage real-time balancing
optimisation is then used, which dispatches some of the reserves that the VPP allocated
in the first stage to match the first stage bid. This locks the VPP into decisions made at
the day-ahead level, and due to the non-linear nature of the optimisation, it is unlikely
to be able to be utilised at more regular time intervals. For this reason it is not suitable
for networks with closer to real time markets, such as the NEM in Australia. While
this approach does consider uncertainty in wind generation, it mitigates this through
allocating reserve from dispatchable generation equal to the expected wind generation.
This is both conservative, and may not be feasible in VPPs with a large share of RES.
However, [114] does recognise the importance of uncertainty on VPP operation. A fact

that [100, [T0T], [T03-106, T10H113] overlook.

2.6 Operating VPPs Considering Uncertainty

When operating a VPP, operational decisions need to be made ahead of time. Whether
this is 5 minutes ahead, or a day ahead, the VPP is optimising its operation with assump-

tions of what will occur in the future. These uncertainties can manifest in demanded
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load, available RES generation, market prices, requesting of services, resource availabil-
ity, etc.. The magnitude of these uncertainties, or probability of their occurrences, can
vary depending on how far in the future the VPP is making decisions. In general, the
closer to the time of operation the decisions are being made, the less uncertainty there
is in the VPP operator’s knowledge. This fact is leveraged in [I15] by utilising receding
horizon control. To assist with tractability the authors formulate a single optimisation
with a variable time step length. The optimisation has 5-minute time steps close to
the current time, and time steps of increasing size further in the future until 60 minute
time steps are considered. This optimisation in total has a 24-hour horizon, which re-
cedes every 5 minutes, at which point the problem is re-optimised. However, network
constraints and power flows are not considered in the optimisation. Instead an iterative
approach is taken where a solution is obtained and checked using load flow analysis to
determine if any lines are overloaded. If they are, a new constraint is added with power
injection sensitivity coefficients for those overloaded branches, and the optimisation is
re-run. This method of considering network constraints limits the provision of services
that can be optimised, and does not consider system voltages. This work is also very
much focused on implementation with synchronous generation at transmission level, and
so may not be suitable for VPPs located in distribution networks, or those containing

RES and DER.

A framework that also utilises a receding horizon approach but is suitable for distribution
systems is proposed in [I16]. The framework presented is a dual horizon scheduling
framework, where a day-ahead schedule is determined and a receding horizon operational
dispatch is used to match the VPP output with the day-ahead schedule. This framework
allocates a level of reserve dependent on the forecast RES and load that the receding
horizon optimisation can utilise to ensure that the operational dispatch can match the
day-ahead bid. The effectiveness of a receding horizon approach to operational dispatch
is verified in this work. However, issues were found with the use of allocating reserve
as the sole method to try and mitigate uncertainty in RES and load, specifically when
a BESS was utilised. These issues were due to the BESS having access to a limited
amount of stored energy and being unable to provide reserve across a whole day. This
indicates that more rigorous methods of mitigating uncertainty should be considered.
[116] accurately models the power flows in the network by utilising the AC power flow

equations, leading to a non-linear optimisation. This could lead to intractability if
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considering more complex operation with multiple markets/services, energy vectors or

larger systems.

2.6.1 Chance-Constrained Optimisation

In general, the mathematically rigorous methods of considering uncertainty in VPP oper-
ation fall into three categories. The first of which are chance-constrained optimisations.
Chance-constrained optimisations are the least common approach found in the litera-
ture. This is because, unless the problem is formulated in a specific way which yields
desirable attributes, chance-constrained optimisations can be difficult to solve. In [117]
a chance-constrained optimisation coupled with a scenario-based optimisation is utilised
to address uncertainty in load, wind power generation and real time energy prices. The
chance-constrained optimisation is used for resource scheduling to keep the loss of load
probability below a set value. The optimisation does not model power flows, which al-
lows the uncertain values of load and wind power to be confined to the right hand side
of the chance constraints. This allows a deterministic optimisation to be formulated.
A real time scenario-based optimisation is then used to maximise VPP revenue across
all realisations of uncertainty considered. While this method acts to effectively reduce
loss of load probability, if the optimisation considered power flow constraints and other
complicating features, the chance constraints would no longer have the property that
allows them to be easily converted into deterministic constraints. This can be seen in
[118], where even the inclusion of sensitivity coefficients to provide a linear approxima-
tion of the relationship between bus active power injection and active power flow results
in a more complex chance-constrained problem that requires iterative solutions. This

requirement can then lead to tractability issues.

2.6.2 Scenario-based Optimisation

The second of the mathematically rigorous methods of considering uncertainty in VPP
operation is the scenario-based approach. The scenario-based approach is popular in the
literature, both because it is intuitive in its formulation, and flexible in its application.
This approach can also be used as a method to solve chance-constrained optimisations

with a set probability [90]. The greatest issue with scenario-based optimisation is the
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fact that in general a large number of scenarios are required to capture the underly-
ing uncertainty in the system [88], potentially rendering the optimisation intractable.
Many authors utilise scenario-reduction techniques as a method to combat this, how-
ever by doing so they lose the associated probabilistic guarantees of chance-constraint

satisfaction.

In [93], a diverse set of resources being optimised while considering uncertainty in wind
speed, solar irradiance, load demand and resource failure is proposed. Monte Carlo
simulations are used to generate 10,000 scenarios. A scenario-reduction technique is then
used to reduce these to 10 scenarios to make the optimisation tractable. The optimisation
conducts a power balance economic dispatch using forecasts of wind, PV and load and
minimises the cost of providing balancing services in the scenarios considered. It is
shown that conducting the stochastic scheduling provides a significant improvement
on the operating cost of the VPP compared the a deterministic solution. However,
network and power flows are not considered. Another work that utilises a scenario-
based approach is [94]. In this work a two-stage optimisation is proposed where the
first stage provides a medium-term contract, and the second stage aims to minimise
imbalance and provide reserve. This work also uses a conditional value-at-risk term
in the cost function to reduce the volatility of the expected profit across scenarios.
FEmpirical multi-variate scenario generation tools are used to try and keep the number of
scenarios required as small as possible while capturing uncertainty. This work also does
not consider network or power flows and the consideration of medium-term contracts
makes the problem non-linear. Another two stage optimisation is proposed in [108] with
both a day-ahead and a close-to-real-time optimisation. The day-ahead optimisation
takes a scenario-based approach utilising forecast scenarios for RES generation. The
close-to-real-time optimisation utilises a receding horizon approach with no scenarios.
This work also considers the nodal balancing of thermal loads through the use of co-
generation plants and thermal storage. The economic considerations of this work are
limited to the wholesale energy market, where the close-to-real-time optimisation is being
used to reduce penalties for deviation from day-ahead bids. Power flow and voltages are
not considered in either optimisation. However, for the close-to-real-time optimisation,
a provision is considered where a DSO validates the bids of the VPP and if required
provides instructions to the VPP to change its output. These instructions are issued

through sensitivity coeflicients which the DSO would acquire through formulation of the
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Jacobian matrix of the network. However, the DSO is only considering active power
flow, and there is no provision in the framework to consider reactive power flow which
would be highly useful in providing local network support as shown in [104]. The lack

of power flow consideration in [93] 94] [I08] is a major drawback in these works.

A linear approximation of the power flow equations is utilised in [I19], where the au-
thors propose a two-stage risk constrained stochastic optimisation to provide a day-ahead
schedule for a VPP. This optimisation utilises a scenario-based approach and the condi-
tional value-at-risk metric to capture risk. Uncertainty in load, RES generation, pricing,
as well as an uncertainty in the response rate of reserve calls made by the VPP are con-
sidered. K-means classification is used to reduce the number of scenarios to a tractable
number. This work considers both the energy market and reserve markets, and shows
that the more options a VPP is given to utilise its flexibility, the more revenue it can
obtain. Although this work does not consider multi-energy systems, or operation of the
VPP closer to real time, it presents a framework for day-ahead scheduling of a VPP that
finds a balance between tractability and robustness. Although, the linear approxima-
tion used in [I19] may not be sufficient to accurately provide some network services, or
precisely identify network constraints. This method of considering uncertainty and risk
results in the VPP reducing the use of its flexible resources when it is acting in a risk-
adverse manner. The ability to alter the operation of flexible resources with short notice
(i.e., through a receding horizon approach) would potentially provide a less conservative

option to reduce risk.

A more detailed network modelling approach is presented in [120], where the authors use
the non-convex AC power flow equations to accurately capture power flows and voltages
within the network. However, this means that the scheduling problem proposed is an
MINLP which is, in general, a type of problem that is difficult to solve. The framework
considers only a wholesale energy market, but also puts reserve requirement constraints
on the VPP. The point estimate method proposed in this work to consider uncertainty
requires deterministic versions of the MINLP to be solved many times. This means that
this approach is unlikely to be tractable if it was required to considered shorter time
steps than 1 hour, or if the optimisation became more complex through introduction
of multiple services or energy vectors. Another framework that models power flows
through the use of the AC power flow equations to create a MINLP is found in [121].

Monte Carlo simulations are proposed to conduct multiple deterministic versions of
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the scheduling optimisation to consider uncertainty (similar to the process proposed in
[120]). Further to the work in [120], the authors of [I21I] propose a second optimisation
that conducts a receding horizon close-to-real-time dispatch (1 minute time step, 5
minute horizon) of VPP resources to match the day-ahead bids. This close-to-real-time
dispatch utilises online forecasts of the uncertain variables to conduct a deterministic
optimisation. One drawback of [121] is that it only considers participation in the energy
markets. Another drawback is that even with a small case study (8 resources, 10 node
network) the computation times of the scheduling optimisation is 4 hours (utilising
parallel computing), and the dispatch optimisation solves in 10 seconds. Increasing the
complexity of the optimisation through multiple services, multiple energy vectors or

larger systems could result in intractability.

2.6.3 Robust Optimisation

The last of the widely used methods for considering uncertainty in VPP operation is
robust optimisation. The authors of [I09] detail an integrated stochastic adaptive robust
optimisation for VPP operation. This utilises robust optimisation techniques to consider
the uncertainty of wind power generation, and utilises scenarios to model the uncertainty
in market pricing. The results of this optimisation are that, as the uncertainty budget of
this cardinality constrained robust optimisation increases, the conventional power plant
is scheduled more and the revenue of the VPP decreases. The combination of robust
and scenario-based techniques requires the decomposition of the whole optimisation
problem into a master problem and sub-problem which are iteratively solved. However,
this sub-problem contains large numbers of integer variables, which can lead to long
computation times. The relatively small problem considered in [I09] results in around
a 30 minute computation time, and this only considers energy balance, not network
power flow equations. It also only considers participation in energy markets. Therefore,

a larger or more complex optimisation may prove intractable using this method.

A two-level stochastic scheduling optimisation for a VPP considering uncertainty in wind
and solar generation is detailed in [122]. The day-ahead scheduling phase is conducted
with a cardinality constrained robust formulation. At the hour-ahead stage it is assumed
that the value of the stochastic variables for that time period are known, and BESS and

demand response are used to minimise system operating costs. This approach considers
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how uncertainty changes as forecast length increases, but assumes hour-ahead wind
and PV generation are known quantities, which may be unlikely. The results of [122]
demonstrate that a more robust formulation results in decreased VPP revenue due to
increased use of conventional thermal generation. However, when additional flexibility
is added to the VPP (in the form of BESS and demand response) that VPP revenue
increases. The major limitation of this work is that no network constraints or power flows
are considered. A robust optimisation based VPP operational framework where power
flow equations are considered in proposed in [I123] where another two-stage operational
framework is proposed. This framework utilises robust optimisation to determine VPP
bids in the day-ahead and real time markets. Interestingly, when an out of sample
analysis was conducted with two different levels of conservatism, each performed better
on separate days with no clear indication as to which would provide more revenue long
term. This highlights that with the volatility of real time prices compared with day-
ahead prices, it may be difficult for a VPP operator to optimally choose the level of
conservatism to use in such an optimisation. Whilst power flow equations are utilised
in [123], they are the DC power flow equations. This limits the applicability of the
framework when considering distribution networks, or providing network services. The

framework also only considers operation in energy markets (day-ahead and real time).

One of the key attributes detailed in Section that has been missing from the pre-
vious approaches that consider uncertainty is the inclusion of multiple energy vectors.
In [85], the authors propose a robust scheduling model for a multi-energy VPP that
considers power-to-gas operation, including methanation. The optimisation aims to
maximise profit considering electricity and gas wholesale markets, as well as minimis-
ing the conditional value-at-risk of the VPP. However, the method used to optimise
this multi-objective optimisation requires a three step algorithm utilising a payoff table,
fuzzy linearisation and rough weight calculations. While this may be applicable for a
mixed-integer linear program (MILP) with only energy balancing considerations, for a
more comprehensive model with power flows and multiple services this multi-objective
optimisation will become more challenging and potentially intractable. Another multi-
energy VPP operational framework utilising robust optimisation is propose in [124].
Specifically, this adjustable robust optimisation is for the operation of an electricity-

heat multi-energy VPP. This VPP is assumed to operate as a load only - it cannot sell
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power to the grid. This framework aims to minimise the cost to the VPP of purchas-
ing energy and operating resources while providing upwards and downwards reserve.
Uncertainty in the call time and magnitude of reserve services throughout the day is
considered. This approach lacks network modelling and provision of services, limiting
its utility. However, this work highlights again the additional flexibility (and associated
cost savings) available from considering the operation of multi-energy resources, and

multi-energy storage (such as building thermal inertia).

2.7 Multiple Energy Vectors

The ability to incorporate multiple energy vectors into the previously considered opera-
tion frameworks has been lacking, with a few notable exceptions [85], 100, 101, [108], [124].
However, these papers and other works [68], [69] have identified the technical and eco-
nomic benefits of multi-energy integration. This is again re-affirmed in [I125], where an
electricity and heat multi-energy VPP operating framework is proposed. In this operat-
ing framework, the objective is to minimize the cost of buying electricity and gas. While
this operating framework lacks a number of the attributes defined for a comprehensive
framework (power flow modeling, multiple services, and uncertainty), it does illustrate
the benefits of aggregating multi-energy resources, and the value of having highly flex-
ible resources in an aggregation. A more comprehensive operational framework for a
multi-energy, multi-service aggregator is formulated in [I07]. This work also considers
heat and electricity energy vectors. But, further to [125], the framework in [107] also
considers energy, reserve, reliability, and gas markets. Uncertainty is addressed in this
framework through scenario-based optimisation. This multi-market/service considera-
tion allows the authors to identify that there are possible conflicts that arise between
reserve and energy markets in certain pricing situations. This highlights the importance
of considering these multiple markets holistically, so as to effectively maximize revenue.
Still, the proposed approach in [I07] does not model power flows and network constraints
and so only conducts energy balance for electricity and heat. This limits its utility for
considering other network related services, or identifying how networks may limit op-
eration. A heat and electricity VPP operational framework that does consider power
flows is formulated in [58] and shows that electrical and thermal energy vectors can be

effectively co-optimised. However, the only power flows considered were active power
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flows and the formulation is wholly dependent on the VPP being part of a radial net-
work, so that power flow could be calculated as the summation of power injection from

downstream nodes. As such, the network modelling in this work is of limited utility.

Traditionally the interest in multi-energy systems has been focused on the coupling be-
tween electricity and heat, as has been seen in much of the previously reviewed work
that considered multiple energy vectors [58, 100, 10T, 107, 124, 125]. However in recent
years there has been increasing interest in the coupling of electricity and hydrogen, as
hydrogen has been identified as an important fuel source for the future [46, 47, 126]. A
VPP operational framework that considers this electricity and hydrogen coupling can
be found in [127]. In this work the authors demonstrate how inclusion of an alkaline
electrolyser into a VPP can expand its feasible operating region, both in terms of elec-
tricity and heat operation. In the case study it can be seen that the expanded feasible
operating region is key to optimal VPP operation. Because this work focuses on the
detailed modelling of the alkaline electrolyser, it does not model power flows or consider
markets other than energy markets. A more comprehensive framework for an electricity-
hydrogen aggregation is proposed in [128]. This operational framework for a distributed
set of hydrogen refuelling stations operates in the electricity energy market while set-
ting dynamic hydrogen pricing and providing capacity-based demand response. This
capacity-based demand response is achieved by setting a minimum level of stored hy-
drogen so the refuelling stations can operator without generating new hydrogen for a set
period. This framework considers the AC power flow equations to ensure that the DER
operation does not violate any of the network constraints and the case study shows that
the electrolysers are able to operate under these constraints. It also demonstrated that
by participating in an additional market (the capacity-based demand reserve) the hy-
drogen refuelling stations were able to sell hydrogen at a lower price whilst maintaining
a set profit level. This illustrates that electrolysers providing services and participating
in markets could be key to reducing the market price of hydrogen. A disadvantage of
this framework is that is employs a non-linear optimisation, which has associated issues
with tractability. The case study in [I128] considers a 1 hour time step and a 3 hour
horizon. Therefore, this method is unlikely to be tractable for day-ahead consideration,

or with inclusion of other markets/services.
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TABLE 2.1: Summary of literature

2.8 Summary of Gaps in the Literature

The range of previous works that have been reviewed in this chapter have been condensed

into Table[2.1] This shows which of the six key attributes each of the previously proposed

frameworks contain. Based on this, the key gaps in the literature can be summarised as

follows:

e A significant number of the previous frameworks that consider uncertainty also

appear to have tractability issues if operated at shorter time scales. The frame-

works that don’t suffer from this malady usually forgo modelling of power flow

constraints. Some of those that do model power flow constraints use some form

of linear approximation.

However, these may not be accurate enough to pro-

vide reliable network services, or fully capture network constraints. In general,

tractability issues seem to coincide with detailed power flow modelling. The use

of convex relaxations of the power flow equations is not often seen in the previous
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literature, but has strong potential of providing a compromise between accuracy
and tractability. None of the frameworks reviewed consider uncertainty rigorously

and include detailed power flow equations whilst remaining tractable.

e There are relatively few works that couple multiple energy vectors with uncertainty,
or with the use of power flow equations. There are none that couple all three. One
of the key advantages of multi-energy operation is the technical flexibility that
can be provided from the non-electrical energy vector to the electricity network.
Without consideration of the power flow equations alongside the coupling of mul-
tiple energy vectors, operational frameworks are not able to capture this technical
flexibility. Such additional flexibility can also be used to help mitigate uncertainty.

However these phenomena are rarely addressed.

e There are many works that do not consider multiple markets and contractual
services. Without including these, a VPP operator will not be unlocking the
full revenue potential of the VPP. Also, without considering a full complement
of markets and services, an operator may be unaware of interactions between
them that may hinder VPP operation. For example, providing network support
may constrict a VPP’s feasible operating region, limiting its revenue generating
potential. If a VPP operator were to provide such a service, having an operational
framework that can capture this interaction would help in pricing such a service.
In the proposed works, the frameworks with an extensive consideration of markets
and services forgo power flow modelling. This is a gap that the framework in this

work aims to address.

e It is clear from examination of Table that none of the frameworks in previous
literature address all of the six key attributes. In fact, previous works have at
most four of the six identified important attributes. Without consideration of all

of these key attributes VPP operators could be:

— forgoing additional revenue opportunities;

overestimating their operational envelope;

— finding themselves unable to deliver their bids and faced with large penalty

payments; or

locked into operating strategies which are not reflective of the real world

markets due to the limited capability of their operating framework.
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The framework proposed in this work aims to address all six of the key attributes in
Table In the next chapter, the formulations and methodology of the proposed

framework will be presented in detail.






Chapter 3

Methodology: An Operational
Framework for Virtual Power

Plants

3.1 Introduction

As detailed in the previous chapters, a comprehensive VPP operational framework may
be very advantageous for both the VPP operator and the electrical system operator.
Allowing a VPP to provide critical network services, and participate in multiple mar-
kets through the use of multi-energy flexibility while considering uncertainty could help
generate additional revenue for the VPP. This additional revenue is reflective of the
additional value the VPP would bring to the network. However, it was uncovered in
Chapter [2| that a comprehensive framework (one that can encompass multiple markets,
network services, and models electrical power flows, multi-energy interactions, and un-
certainty whilst remaining tractable for short bidding windows) is yet to be proposed

and is complex in concept and implementation.

In this chapter, a brief summary of the concepts of the optimal power flow (OPF)
problem is provided in Section Following this the contributions of the chapter
are shown. An overview of the operation of the proposed optimisation-based VPP
operational framework is presented in Section while the methods used to mitigate

the effects of uncertainty are conveyed in Section Finally, the formulation of the
47
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innovate operational framework and its implementation are discussed in Sections [3.6] -

B3

3.2 Optimal Power Flow

The aim of an OPF problem is to minimise a given objective function (usually operating
costs, or network losses) by making decisions on the operation of resources in the network,
whilst adhering to all of the limitations that exist in an electrical network. These include

(among many others):

e The physical laws that govern electrical power flow such as Kirchoff’s current and

voltage laws, and Ohms law.

e The operational constraints that govern the capabilities of resources in the network
to turn on and off, and maintain and change power outputs (both active and

reactive).

e The technical constraints of the network such as voltage limits, and thermal limits

of lines and transformers.

The OPF formulations that are examined and utilised in this work require an assumption
that the system that they are modelling is in a steady-state and is a balanced three-
phase system. This allows a single-phase formulation to be used, and is a very common
assumption throughout the literature when considering energy balancing in networks
[129H133]. This is because balanced three-phase operation is an aim of grid operators,
as it reduces grid power losses. Therefore, it is an acceptable approximation of real-
world operation in three-phase networks. OPF in unbalanced systems is an active area
of research of its own [I34HI36]. While there are many different formulations and uses of
OPF that can be found in the literature, they can usually be classified depending on how
they model the physical laws of the electrical network (the power flow equations). This
can dictate whether the optimisation to be solved is linear, convex, or non-linear. These

different models of the power flow equations will be detailed in the following sections.
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3.2.1 Notation

Within this thesis we consider the single phase representation of a balanced three-phase
AC electrical network consisting of a set of nodes UV, and a set of lines UX. The line
that connects node i € ¥V to node j € U¥ is denoted line (i,j) € U*. This would also
imply that (4,i) € ¥%. Each line (i, ) € U* has a complex impedance Zij = Tij + JTij
and complex admittance y;; = g;; + jbi;. Note that z;; = z;; and y;; = y;;. The
apparent power flowing from node ¢ to node j is S;; = P;; + jQ;;. The voltage at node
iis V; = |Vi|e’? and I the current flow from node ¢ to node j, while I; is the complex
conjugate of I;;. The value of j = y/—1. Per unit quantities are used throughout this

thesis.

3.2.2 Non-Linear Formulation

The full derivation of the power flow equations from first principles can be found in

[137]. The non-linear AC single-phase power flow in a network can be represented by:

Sij = Vil;, V(i,j) € ¥" (3.1)

Vi = Vj = zijliy, V(i,j) € O* (3.2)

Si = Z Sij, Vi€ gV (3.3)
JEN;

Sij + Sji = zij|Ly[*, V(i,5) € ¥F (3.4)

where N; = {j| (i,j) € ¥F} is the neighbourhood of node i (i.e., nodes connected to i
by a line from W%). Apparent power flow is defined in , Ohms law is enforced by
, Kirchoff’s current law is found in , where S; is the apparent power injected
at node ¢, and represents line losses.

These equality constraints can be used with relevant upper and lower bounds on power,
voltage, and current to determine a feasible set for an optimisation. By introducing
an appropriate cost function (such as minimisation of power losses in the network or
operating costs of generators) this is a non-linear OPF problem. Due to the non-linearity
and non-convexity of the problem, since and are non-convex constraints, these

optimisations can be difficult to solve [I3§].
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3.2.3 Linear Formulation

Due to the fact that linear optimisations can generally be solved more efficiently than
their non-linear counterparts, sometimes a linear approximation of the non-linear power
flow equations is used. However, this increased computational efficiency comes at a
price. Simplifying assumptions are required to arrive at a linear approximation of the

non-linear equations, resulting in a loss of accuracy in the power flow equations.

3.2.3.1 DC OPF

The most widely used of these linear approximation is known as the DC OPF, which
is used for example in transmission grid planning [I39] and unit commitment problems

[140] which involve integer variables.
Firstly, by substituting (3.2) into (3.1]) in accordance with S;; = P;; + jQ;;, and sepa-
rating the real and imaginary parts of the resulting equations it can be found that:

Pyj = gijIVil* = [VillVj| (gsj cos(8; — 6;) — by sin(6; — 6;)), V(i,j) € ¥" (3.5)

Qij = bij|Vil> = [Vil|Vj| (gi; sin(0; — 0;) + bs; cos(6; — 60;)), V(i,j) € ¥* (3.6)

In DC OPF, to be able to linearise (3.1)-(3.6|) the following assumptions are made:

1. The voltage magnitude at each node is close to its nominal value, i.e., |V;| ~ 1.

2. The change in voltage angle across a line is very small. Therefore it is assumed

sin(@i - 0]) ~ 9, — 0]‘.

3. The conductance of a line (g;;) is much smaller than the susceptance of a line (b;;).

Therefore, it is assumed g;; ~ 0.

4. Reactive power injection/absorption at nodes and flow along lines can be neglected.

So it is assumed @);; ~ 0.

With all of these assumptions in place, the approximate power flow in the network can
then be described by
Py = bij(6; —0;), ¥(i,j) € v (3.7)
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Pi=> Py, ViewV, (3.8)
JEN;
P+ P =0, V(i,j) € U" (3.9)

This simplified set of constraints (3.7]) - (3.9) can then replace (3.1]) - (3.4) and can be

used in a linear optimisation problem. While these assumptions may be acceptable for
transmission networks (for which they were originally designed), they are less applicable

to distribution networks which have higher line resistances, losses and voltage drops.

3.2.3.2 Linear Formulation used in the Proposed Framework

While the DC OPF formulation effectively simplifies the optimisation problem, it is
based on many simplifying assumptions. The ability to consider reactive power and
voltage magnitude in the operational framework is important. Therefore, a linearisation
is chosen that also captures these aspects of the network power flow. The linearisation

chosen is reproduced from [131].

Under the simplifying assumptions:

1. cos(B; —0;) = 1
2. sin(@i — 93) ~ 91 — 9]'
3. 9ij|Vil (IVil = [V3]) = gij (IVil = [V3])

4. bij|Vil|V5] (65 — 05) =~ bij (6; — 0)
the active and reactive power flows in (3.5 and (3.6)) become
Pyj = gij (IVil = |Vj]) = bij (6: — 6;) . V(i,j) € ¥F (3.10)

Qij = —bij ((Vil = [Vj]) — g1 (6: — 6;) . ¥(i.j) € ¥ (3.11)

This is a much more detailed model of the power flow equations compared to the DC
OPF, as this linearisation includes reactive power and voltage magnitude. Additionally,
both active and reactive power flows are dependent on both voltage magnitude and

angle. Therefore, this linearisation is more applicable to distribution networks than the
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DC OPF. This linearisation creates a problem for which a solution is much easier to
obtain than for its non-linear counterpart. The trade-off is that information is lost in
this linearisation process. Another choice that is widely used outside of the linear and
non-linear formulations involves convex relaxation of the power flow constraints. We can
look to such convex formulations as a compromise between the linear and the non-linear

formulations in terms of accuracy and computational efficiency.

3.2.4 Second Order Cone Convex Relaxation

As outlined in Section [1.4] convex optimisation problems have a number of useful at-
tributes that can be leveraged by solver algorithms to obtain timely solutions. There
has been much work done on the topic of convexifying the OPF problem [74] 129, 130}
147], [142]. There are two prominent methods used to convexify the power flow equa-
tions: semi-definite programming (SDP) [143, [144] and second-order cone programming
(SOCP) [130} 145]. The SOCP approach has the advantage of generally being more com-
putationally efficient [74], with well defined situations for when the relaxation is tight
[142] (i.e., the solution to the convex relaxation is also the solution to the non-convex
problem). SOCP is the convexification approach used in this work, and so it will be

used here as an example of convexification of power flow equations.

The SOCP approach starts by considering the power flow equations (3.1)) - (3.4)). Through
squaring both sides of (3.1)) and (3.2)), and separating real and imaginary components

of (3.3)) and (3.4) the following can be obtained.

P=)Y Py ViewV (3.12)
JEN;
Qi= Y Qy, VieUV (3.13)
JEN;
Pyj + Pji = rijhy;, V(i j) € " (3.14)
Qij + Qji = wijhij, V(i,j) € ¥F (3.15)
vj = v — 2(ri; Py + 25 Qij) + (rf; + a3 Agj, V(i j) € ¥F (3.16)
P2 102
inj = Ay, V(i,j) € U (3.17)

U
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where A;; = |I;;|* and v; = |Vi|%

By moving to the use of A;; and v; as decision variables, rather than I;; and V;, the
OPF problem drops the explicit consideration of nodal voltage angle. This means that
for networks with loops, the requirement that voltage angles around a loop sum to 0
(Kirchoff’s voltage law) is not enforced. In radial networks this consideration is not
required, as there are no loops, and so for the case of radial networks no information

has been lost by this transformation.

The equality constraint (3.17)) is not yet convex, so a relaxation is introduced by changing

(3.17)) to the inequality
P ij < A V(’L . L
——— <Ay, V(i,j) € V" (3.18)

(%

This relaxed constraint can be equivalently written as the SOCP constraint

2P;;
2Qi; || < Ay +vi, V(i,j) € U, (3.19)

Aij — U

which is convex, and where

= a? + b2
b
is the Euclidean norm. The set of constraints (3.12)) - (3.16)), and (3.19) make the SOCP
relaxation of the non-linear system in Section In a radial network, if the constraint
(3.19) is binding, then this relaxation is tight (i.e., the solution to the relaxation is also

a feasible solution in the associated non-linear problem) [142].

3.3 Framework Overview

The aim of the operational framework is to schedule and dispatch multi-energy VPP re-
sources to maximise profit from simultaneous participation in multiple markets, whilst
providing network services. This is to be achieved under uncertainty in market prices,
demand at the nodes, and availability of renewable energy sources (RES). The oper-

ational framework should allow for the day-ahead scheduling of resources in the VPP
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and also be able to accommodate electrical markets with bidding windows as short as 5

minutes (as in the National Electricity Market in Australia [I8]).

The operational framework would therefore need to solve a problem that is a multi-period
(e.g., to deal with storage resources), non-linear (e.g., to deal with power flow equations),
stochastic (e.g., to deal with uncertainty) optimisation with integer variables (e.g., to
deal with commitment status). Solving such a problem can be challenging, particularly
from the perspective of scalability. Rather than trying to solve the entire problem
in a single optimisation, a different approach is taken in this thesis. It is recognised
that different aspects of the problem require different considerations. For example, the
only part of the problem that requires the use of integer variables is for the scheduling of
resources. If the scheduling and dispatch problems were separated, the dispatch problem

would become a continuous optimisation, which is less computationally challenging.

In an effort to maintain tractability for large problems a divide-and-conquer approach
is taken. The proposed approach involves three sequentially coordinated optimisation

problems:

e High-Level Optimisation: An optimisation problem that is a scenario-based mixed
integer linear program (MILP) for day-ahead unit commitment with 30-minute

time-steps and a 24-hour prediction horizon.

e Mid-Level Optimisation: A second order cone (SOC) receding horizon optimisation
problem for preliminary dispatch of the scheduled resources with 30-minute time-

steps over a 24-hour prediction horizon. This horizon recedes every 30 minutes.

o Low-Level Optimisation: A SOC receding horizon optimisation problem for 5-

minute dispatch with a 30-minute prediction horizon that recedes every 5 minutes.

By decomposing the operational framework into these three coordinated optimisation
problems, many of the key challenging properties of the overall problem are mitigated.
Since the use of integer variables is restricted to the scheduling problem, a linearisation
of the network power flow constraints is used in the high-level optimisation to arrive at
a tractable MILP problem. This isolation of the integer variables allows a more accurate
convex relaxation of the power flow equations to be utilised in the mid-level and low-

level optimisations. This assists with the VPP’s ability to provide network services and
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to accurately capture network constraints. By splitting the mid-level and the low-level
optimisations, the framework avoids the necessity of having both a 5-minute time-step
and a 24-hour planning horizon in the same optimisation. Having so many time steps
in the optimisation could lead to scaling and tractability issues, and would likely negate
the ability of the operational framework to utilise receding horizon control to mitigate

uncertainty.

As mentioned above, the non-convex constraints associated with the AC power flow
equations for the VPP network are approximated by linearisation (in the high-level
optimisation) or convex relaxation (in the mid-level and low-level optimisations). The
high-level problem is utilised to create a schedule for the resources for the day ahead.
Due to the fact that the dispatch of resources is not set by the high-level optimisation, a
very accurate representation of the power flow is not essential. The provision of services
and consideration of network constraints are accurately captured by the mid-level and
low-level optimisations. As such, for the high-level optimisation a linear approximation
can be used, resulting in a MILP. The mid-level and low-level dispatch problems are
continuous (as the values of all integer variables are set by the high-level optimisation).
Therefore, when dispatching the resources in the mid-level and low-level problems a
convex relaxation is used, specifically a SOC relaxation [146]. Additional considerations
may be required for low voltage feeders, where balanced three-phase operation may not
be fully achieved. The SOC relaxation replaces the current flow equality that relates
power and voltage by an inequality. The phasor sum of voltages around a loop is also
neglected (due to the use of squared values of voltage and current as decision variables
as part of convexifying the constraints). As most distribution networks are radial, the
lack of voltage angles will often not affect the optimisation solution. In fact, if there
are no upper bound on loads, this relaxation is exact for radial networks [147]. While
the lack of upper bounds on network loads is unlikely to be applicable in real world
operation, methods are proposed in [142] for obtaining an exact solution to the AC OPF
problem from the solution to the SOC problem for radial networks. It is also noted in
[142] that for non-exact solutions, the difference between the SOC solution and the AC
OPF solution are minor. Additionally, for meshed networks the VPP dispatch points
could be used as a starting point of an AC load flow to obtain a more accurate solution
or verify the SOC solution. SOC optimisations can generally be solved more efficiently

than other convex relaxations of the power flow equations [74] which is an important
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FiGure 3.1: Example flowchart of VPP operation

consideration when coupled with the receding horizon approach of the mid-level and low-

level optimisations. Considering the fact that DC power flow equations are often used

for real world application of OPF, the use of the SOC power flow equation provides a

significant increase in modelling accuracy, whilst maintaining problem tractability [142].

An overview of the proposed scheme operating in a near real-time market structure is

illustrated in Figure The committed status of resources for the next 48 hours (of

which only the first 24 hours is binding) is determined by the high-level optimisation

and then passed to the mid-level optimisation each day. The reason that the schedule

given to the mid-level optimisation is for the next 48 hours rather than 24 hours is due
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to the use of receding horizon control by the mid-level optimisation. As the horizon
recedes by each 30-minute interval, its horizon extends past the end of the day for which
the first 24-hour high-level optimisation has provided a schedule. Therefore, a schedule
for the 24-48 hour period is required. However, this schedule is updated the next time
that the high-level optimisation is run, so it is only a preliminary schedule (i.e., it is not

binding).

The mid-level optimisation uses the unit commitment schedule and updated forecasts
of the uncertain parameters to produce a preliminary dispatch for the coming 24 hours.
The solution of the mid-level optimisation can also be used to determine if the position
of on-load tap changers (OLTCs) in the network should be adjusted. The scheduling
information, preliminary dispatch information, and OLTC positions for the next hour

are then provided to the low-level optimisation.

The low-level optimisation is solved to obtain dispatch information for the next 30 min-
utes and the current operating status of the resources is run through an AC load flow
to ensure accurate bids are provided to the market, and to provide a measure of the
accuracy of the SOC relaxation. This is important, as the SOC relaxation may not
be exact, which would mean that the power flow solution of the low-level optimisation
would not be a feasible solution for AC power flow equations. By using the dispatch
points determined by the low-level optimisation as an input to an AC load flow, the
framework is able to determine the actual AC power flows in the network. If this solu-
tion violates network constraints, then this can be addressed in future optimisations by
slightly tightening the upper and lower bounds of the network state variables in the SOC
optimisation. The bids for the first 5 minutes are then provided to the market operator.
This low-level optimisation is re-optimised every 5 minutes as the prediction horizon
recedes. After each 30-minute period, the current operational points of the resources are
provided to the mid-level optimisation and the mid-level problem is then re-run with a
receded horizon. After each 24 hour period, the current operating point of each resource

is provided to the high-level optimisation to create another unit commitment schedule.

The near real-time market structure assumed here is computationally onerous, which is
why it has been used to illustrate the example operation of the framework. However, the
framework is designed to be able to be flexibly applied to different market structures.

For example, if there were a binding day-ahead market, then the high-level optimisations
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and the first mid-level optimisation could be run to obtain the day-ahead market bid.
And then subsequent mid-level and low-level optimisations can be used to match that
bid while participating in the closer to real-time markets. If a day-ahead schedule is
not required for resource operation, then the high-level optimisation could be omitted.
Further, if the close to real-time markets are dispatched every 15 minutes, then the
time step and horizon of the low-level optimisation can be updated accordingly without
an increase in computational burden. These are just a few examples of ways that the
operational framework can be tailored to specific market structures or VPP operator
requirements. As the framework is designed to be tractable in the most onerous of
conditions, it should also be tractable when adjusted in these ways, ensuring additional

utility of the operational framework.

It should be noted that while the decomposition of the original problem into this three-
tier methodology allows for solutions to be obtained in a tractable manner, there is no
guarantee that these solutions will be the optimal solution of the original problem. To
understand how sub-optimal the solution of this methodology is, it would need to be
compared to the original multi-period, non-linear, stochastic, mixed-integer problem. As
explained previously, this is a highly complex problem that will likely take a very long
time to solve, if it converges to a solution at all. Therefore, this analysis has not been
provided in this thesis. However, in Section the solutions of this approach are
compared with previously proposed solutions to provide an estimate of the additional

benefit over the previous state of the art.

3.3.1 On Load Tap Changer Operation

The framework accommodates the modelling of OLTCs in the network. However, as
inclusion of OLTC operation within the optimisations could lead to substantial increase
in the complexity of the optimisation problems, it is proposed to update the OLTC
settings via a heuristic strategy shown in Figure[3.2] For each OLTC, at each 30-minute
time step (up to 24 hours ahead) the voltage magnitudes of all of the downstream nodes
are considered. If any of these are within a set tolerance band of the maximum nodal
voltage, the associated OLTC tapping ratio will be incremented one tap up. If any of
these are within a set tolerance band of the minimum nodal voltage, the associated OLTC

tapping ratio will be incremented one tap down. This heuristic method is conducted
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increment at time t

Choose next i € Set of nodes
downstream of OLTC j

Have all i € Set of
nodes downstream
of OLTC j been
considered?

L j=j+1

Export OLTC positions

FIGURE 3.2: Flowchart for the heuristic method of assigning OLTC position

after each solution of the mid-level optimisation i.e., every 30 minutes. The OLTC
positions obtained from this method are then used to determine the new per unit line
impedance and nodal voltage limits downstream of the OLTCs. These values will be
used in the optimisations until the completion of the next mid-level optimisation. This
allows OLTC positions to be planned ahead of time, whilst providing the flexibility to
alter their position throughout the day.

As noted in the previous paragraph, the additional integer variables in a MILP increases

the computational complexity of the problem. In fact, theoretically the computational
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complexity of finding the solution to a MILP scales exponentially (although the al-
gorithms that obtain approximate solutions such as the branch-and-bound algorithm
generally perform better). Therefore, when including additional integer variables, the
addition modelling accuracy should be weighed against the potentially significant in-
crease in computational complexity. For this reason, many resources/operations that
occur in networks which require integer variables to model accurately are included in
optimisations in a relaxed. Examples of this are on-load tap changers, which are often
modelled as continuous rather than in steps to forgo integer variables, or as in the case
of this framework, modelled in a heuristic sense. Switched capacitor banks are another
example. However, these can be integrated into a unit commitment model by allocated
commitment variables to the capacitor banks. Network reconfiguration problems are
perhaps one of the most complex examples of using integer variables to model network
operations. These are a sub-set of problems all of their own, and due to their complexity
require their own approaches to solve tractably [148] [149], and so lie outside of the scope

of this work.

3.4 Methods to Mitigate the Impact of Uncertainty

In principle, the high-level optimisation problem to be solved is a stochastic day-ahead
unit commitment problem, with chance-constraints to reflect uncertainty in load and
RES availability (market price uncertainty is confined to the objective function and
so is not featured in chance-constraints). In general, chance-constrained optimisation
problems are difficult to solve [87]. One approach is to employ a scenario-based approx-
imation, in which the chance-constraints are replaced by a finite number of constraint
realisations (i.e., scenarios), drawn from the underlying probability distributions of the
uncertain parameters [88, [89] [150]. Therefore, the high-level optimisation is formulated

as a scenario-based approximation of the stochastic unit commitment problem.

Generally, for scenario-based approximations a large number of scenarios is required
for probabilistic guarantees of chance-constraint satisfaction [90], which can render the
scenario-based problem intractable. This is usually dealt with by utilising some form
of scenario-reduction technique such as forward scenario selection, backward scenario
reduction [93], or K-means clustering [I19]. Within the context of unit commitment

with linearised power flow constraints, it is possible to exploit the problem structure
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to construct a restriction that is a much smaller, and therefore tractable, optimisation
problem to solve. In fact the restriction reduces the size of optimisation problem by a
factor of S, where S is the number of scenarios. This is done by identifying which sce-
nario is the most onerous for each inequality constraint, and creating a restriction with
those constraints. This is possible, in part, because only a small subset of the variables
in the problem are scenario independent (the committed status of the resources). Since
it is a restriction, any solution it generates is feasible for all scenarios in the original
approximation, with its associated guarantees regarding chance-constraint satisfaction.
Details of this restriction can be found in Appendix [A] It should be noted that, if the
initial multi-scenario problem is not feasible, then this robust restriction will not yield a
feasible solution. The author has not developed any proof with regard to the guarantee
of obtaining a feasible solution from the robust restriction given a feasible solution to
the multi-scenario problem. This could be a line of enquiry for future work. However,
when used for the case studies in this thesis, there were no issues in obtaining feasible
solutions. Reduced computational complexity might come at the price of a potentially
conservative schedule arising from the restricted problem. This is investigated in later
chapters through application of the framework in case studies. This provides a VPP
operator which two choices of how to conducted the high-level scenario-based optimi-
sation, depending on the robustness that they require - utilising a scenario-reduction

technique, or the robust restriction proposed in Appendix [A]

In the high-level optimisation, market price uncertainty is confined to the objective
function (which is explicitly defined in Section . As the objective function is a
function of a random variable, we must minimise the expected value (denoted by E[-])
of the objective function to be able to obtain a solution [82]. Directly computing the
expected value of the cost function may not be possible, so instead this work utilises
the sample average approximation of the expected value of the objective function [151]

defined by

Wl

S
Elf (58]~ = f(z,€), (3.20)
s=1

where £° is the s € [1 : S] realisation of the random variable . This approach integrates

well with the scenario-based approximation of the chance-constraints.
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The receding horizon control based application of the mid-level and low-level optimi-
sations is the main approach to mitigating the impact of uncertainty in these optimi-
sations. It allows the VPP to update the dispatch regularly in response to changes in
nodal demand, RES output, and market prices. However, with the aim of increasing the
robustness of the solution obtained by the mid-level and low-level optimisations, both
additionally consider three scenarios. They are formulated as an expected scenario, a
scenario with higher generation/less load, and a scenario with less generation/higher
load. This balances tractability and feasible outcomes that are to some extent insen-
sitive to small perturbations in the uncertain parameters. How conservative the VPP

operator wishes to be can be reflected in the choice of these scenarios.

In summary, the high-level optimisation delivers a single resource schedule over a 24 hour
period which minimises the expected cost to the VPP whilst maintaining feasibility for
all scenarios considered (or used in the creation of the robust restriction). This schedule
is provided to the mid-level and low-level optimisations. The mid-level optimisation
delivers a single storage operational trajectory across the prediction horizon and a single
initial operating point for each resource for the first 30-minute time-step. These minimise
the expected value of the cost functions across all scenarios considered. Subsequent 30-
minute time-step actions are determined by repeatedly solving the mid-level problem in
a receding horizon fashion. The preliminary dispatch and schedule for the next hour
are provided to the low-level optimisation. The low-level optimisation delivers a single
set of bids (only binding for the first 5-minute time-step of the corresponding prediction
horizon) which minimises the expected value of the cost functions across all scenarios
considered. This ensures bids can be robustly delivered, with re-optimisation every 5
minutes given updates of the system state. By combining a receding horizon approach
and scenario-based approximation of the uncertainty a good trade off between optimality

and robustness is achieved.

In the following sections, the detailed formulation of the high-level, mid-level, and low-

level optimisation is provided.
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3.5 Additional Notation

In addition to the notation defined in Section the following notation is also pro-
posed. The set of resources in the VPP is defined as ¥X. The set of resources at node
i is \I’ZK C UK and \IllKe C ‘IJZK C UK is the set of resources at node i operating in
non-electrical energy vector e € WwNon-elec  The notation for time-dependent decision
variables is a(t), whereas a time-dependent parameter is shown as a;. The scenario

dependence of a variable or parameter is denoted as as.

3.6 High-Level Optimisation

The aim of the high-level scenario-based MILP is to provide a schedule for the VPP

resources for the day ahead, with 30-minute time steps.

3.6.1 Cost Function

The objective function for the high-level optimisation is:

SHL THL
min Z il Z e (AVAY (3.21)
s=1 t=1
where i (t) is the total VPP cost for each scenario s € [1 : SHL] for each time step

€ [ : THY] of length At, and is defined as:

CtSOt’HL(t) —
1 3 4
/—/\
+ Z )\curtwkﬁ(t)) + Z Z ()\e ,curt e )) )\PtPexp( )_ )\thgxp(t)
kew K ecyNon-elec jey N
5 6
B (1)
DI DB vl D DN PV I SR N0
ec W Non-elec e N repRaise keUK
7 8

= Y XD P =P Y HESkG() -1 ). (3:22)

le g Lower keUK keUK
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The first term in is the operating cost of resources in the VPP and is defined fur-
ther in . The second term in is the cost associated with curtailing resources
in the VPP. The other terms are negative as they are associated with revenue (negative
cost). Term 3 and 4 are the revenue from exporting active power Ps ' (t) and reactive
power Q5P (t) to the grid respectively. Term 5 is the revenue from exporting energy

from non-electrical vectors Ef P () in the set e € Nov-elec, Term 6 is the revenue from
all of the raise services in the set r € ¥R The power committed by each resource
for each raise service is Py s(t), and P"(t) is the magnitude of each raise services that
the VPP is contracted by other market entities to provide. Term 7 is the equivalent
to term 6, but for lower services in the set [ € W% Term 8 represents the revenue
that the VPP can obtain from providing inertia, where )\Is’t is the market price of inertia
and I, is the level of inertia the VPP is contractually obliged to provide. Note that
this is referring to physical inertia provided by synchronous rotating machines. If the

VPP does not contain these, then the VPP cannot provide inertia support through this

framework.

The total operating cost of the resources within the VPP for each scenario s € [1 : S']

and for each time step ¢ € [1 : 7ML is upper bounded by c5P():

P = D0 (EPE) + XEPL) + (D)

kewk
on off
+AA% max (0, Ge(t) = Gt = 1)) + 7 max (0, Gt — 1) — Ck(t))) . (3.23)

In , X% and Xz represent a linear cost coefficient associated with resource active
power generation P,i 4(t) and demand P,i () respectively. There is a constant cost 7y
associated with resource k being on (encoded by the binary variable (x(¢)). The last
two terms in are associated with the turn on/off costs of resource k respectively.
In , an inequality rather than an equality is used to maintain the linearity of the
problem which includes the two max terms. It can be seen that (i (t) is not scenario-
dependant. The high-level optimisation creates a single unit commitment schedule that

is feasible across all scenarios, for use in the mid-level and low-level optimisations.
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3.6.2 Power Flow Equations

This section deals with the equations that govern the flow of power in a network. These

power flow equations are enforced for s € [1: SH] and ¢ € [1: THE:
Pjs(t) = gije (Vis(t) = Vis(t)) = bije (0i,5(t) = 03.5(t)) . ¥(i,5) € U* (3.24)

Qijis(t) = —bije (Vis(t) = Vis(t)) — gijue (0i,s(t) — 0;,5()), V(5,j) € UL (3.25)

— 8ij < Pys(t) <8y, (i, j) € UF (3.26)

— 855 € Qijs(t) < Sy, V(i,j) € UF (3.27)

Pijs(t) + Qijs(t) < V28, V(i,j5) € ¥F (3.28)

Pijs(t) — Qijs(t) < V28, V(i,j) € ¥F (3.29)

— Pijs(t) + Qujs(t) <V2Si;, V(i,j) € OF (3.30)

— Pyjs(t) — Qujs(t) < V2855, (i, j) € Ut (3.31)

Pyjs(t) + Pjis(t) = 0, W(i,j) € O* (3.32)

Qijs(t) + Qjis(1) = 0, ¥(i,j) € ¥* (3.33)

Vii < Vis(t) < Vig, Vie ¥V (3.34)

0, < 0;4(t) <0;, ViewV (3.35)

D Pyslt) = Py (1), Vie oV (3.36)
JEN; kewkK

D Qis(t) = Y Qrs(t), View. (3.37)
JEN; keTE

The high-level optimisation utilises a linear approximation of the power flow equations
to yield a MILP formulation. This linearisation is detailed in and , which
was shown in [I31] to adequately capture both voltage angle and magnitude in relation
to active and reactive power. Additionally, the inclusion of reactive power makes this
a superior linear approximation compared to the DC OPF, especially in distribution

networks. Constraints |i - l} approximate the apparent power limits S;; in the
lines. Constraints (3.32)) and (3.33]) ensure that power flows through each line from
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either direction are equal and opposite. Due to the linear approximation used for the
high-level problem, line losses are neglected. The limits on voltage magnitude and angle
are defined by and . Constraint ensures that the power flowing out
of node ¢ is the same as the net power injection of all resources connected to node 1,
designated by resources in the set \II,LK . Constraint provides a similar constraint for
reactive power. Note that in the high-level optimisation the parameters g;;, bij+, Vi’t
and V, , are time varying parameters. This is due to the use of OLTCs in the network.

The tap positions of the OLTC may not be constant throughout the day, effecting the

per unit voltage base in areas of the network.

3.6.3 Resource Modelling

In this section the electrical modelling of the resources in the VPP is presented. All of

the following equations are enforced for s € [1: STV ¢ € [1: THE):

—elec

Ek (a:hs(t + 1) — xhs(t)) =

(ngp,g{s(t) - P’“g;;g(t) 4 Epst — Whs(t) — uk> At, Yk e UK (3.38)
k

X8 < g (T4 1), Yk € UK (3.39)

0<aps(t) <1, Yk UF (3.40)

Ci(t)P§ < PE (1) < G(t)Py, Yk € UK (3.41)

(1) P < PEL(1) < Gu(t) Py, Wk € B (3.42)

— P} (1= Gu(t) + p At < P (1) = Pg (1= 1) < ppAt+ PE (1= Gt — 1)), Yk e WX

(3.43)

— P (1= Gu(t) + p At < PA(8) — PA(t = 1) < 5pAt+ Py (1 - G(t — 1)), Wk € U
(3.44)

Pro(t) = Pg (1) — PEy(t), Vke WX (3.45)

0< (q>§+ - @i—) wis(t), Vke Ul (3.46)

0< (@ = 057 (ahbhos —wis(t), V€ WX (3.47)
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T T
0< (@i* — @i*) (m > st — Zwk,3<t>> , Vkeuk (3.48)
t=1 t=1

wis(t) =0, Yk € wStor (3.49)
G(H)Q, < Qus(t) < G(HQy, Yk e TK (3.50)
Pys(t) tan(g, ) < Qrs(t) < Prs(t) tan(dy,), Vk e U5 (3.51)
t+U,—1
Z Ge(d) > Uk (Ge(t) — Gt — 1)), Vk e X (3.52)
t+Dp—1
Z (1= G(5)) = D (Gt — 1) — G(t), Vk € TF. (3.53)

In , Ezlec is the electrical energy storage capacity of resource k, xjs(t) is the
normalised level of stored energy, P,i <)/ P,i 4(t) are the active demand/generation of
resource k with associated efficiencies 7],‘3 / 77%. The parameter & , ; encodes the magnitude
of available generation of the corresponding resource if positive, and the magnitude of
demanded active power if negative. The variable wy ¢(t) is the amount of curtailed
available generation if positive, and the amount of curtailed demand if negative. The
storage losses of resource k is v. The general operation of resources (assuming a constant
efficiency) in the VPP can be modelled using with supplementary constraints if

required. Examples of how this can be applied to specific resources is provided in

Appendix [B]

Constraint (3.39) sets a minimum amount of stored energy that is required for each
resource at the end of the optimisation horizon, and (3.40|) sets the upper and low bounds

for the normalised stored energy of each resource. The active power injection/absorption

limits for each resource are constrained by (3.41) and (3.42). The ramp rates of the

resources are governed by (13.43)) and (3.44). The net power injection of each resources
is defined in (3.45)).

The magnitude of allowable curtailment of each resources is governed by - .
Constraint ensures that the curtailment is positive if the resource is a generator,
and negative if it is load. Constraint sets a limit, ay, on what percentage of
supply /demand can be curtailed in each time period, and limits the curtailment
that occurs across the whole prediction horizon to fj for each resource. Constraint

(3.49) ensures the curtailment of storage resources is set to zero, as & s will also be
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zero for storage resources. @? and @i_ are auxiliary parameters that are associated

with the sign of &, s, such that:

THL SHL

Generator : Z ng,svt >0 = ‘I)iJr =1, (I)ii =0
t=1 s=1
THL SHL

Load : Z Z§k7s’t <0 = q’i—i_ = Oa Qi_ =1
t=1 s=1
THL SHL

Storage : Z ka,s,t =0 = (I)? =0, (I)i_ =0
t=1 s=1

Because the sign of & is only dependent on the type of resource that k is (generator,

load, storage), the values of @iJr and @i_ are known a priori.

The limits on resource reactive power injection is constrained by (3.50) and the limits

on resource power factor is constrained by (3.51)). The minimum up/down time for each

resources is enforced by (3.52) and (3.53]).

3.6.4 Service Provision

As well as modelling the operation of resources at their dispatch operating points, it

must also be ensured that the resources can deliver the market bids and services if

called upon. This is ensured by the constraints presented in this section. All constraints

in this section are enforced for s € [1 : SHY], ¢ € [1: THL:
0< PL(t) < ppr’, Vr € URase vk e OF

0< Pi(t) < —p, 7!, VIe UV vk e o
Gt @5 PR > @ (Ps(t) + PL(1), Vr € ORa vk e o
— G (OB P > B (Prs(t) + PL(1), Vr € WRaise vk e gF
()R PE < O (Pro(t) — P (1)), Vi€ Uhover vk e O
— G(O)BEP), < B8 (Pyg(t) — PL()), Vi€ U vk e oK
— Gt Py < (Pug(t) + PL(1) < G(8) P, Vr € WRa vk ¢ pster

— ()P < (Prs(t) — PL(1)) < Gu()PF, VI € UMover vk g wSter

(3.54)

(3.55)
(3.56)
(3.57)
(3.58)
(3.59)
(3.60)

(3.61)
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T PL (1) < O b s(t), Vr € TR vk e of (3.62)
—®TPL(t) > B8 (—appss +wis(t)nf, VI € ULV vk € UK (3.63)
pE .
O Pp(t) < K (ol +wis(t)), Vr € TREC vk e Ok (3.64)
: e
L
— B Pl (t) > —Ewy (1), Vi€ v vk e OF (3.65)
El nk
— 1
By (t) > > <g (Pps(t) + PL (1) + uk) &, Wk e wSter (3.66)
.\ ’
Te\pRalse

—5elec 1
£ rps(t+1) > Z <g (Pr,s(t) + P () + uk> 8", Vk e wSter (3.67)
k

TE\I/Raise
B (- ans) > Y ( d(P (t) — P} (t)) —v )5l Vk € ST (3.68)
k k,s = UM k,s k,s k 5 .
le\l/Lower
Eelec 1— > d _ pl - 5l L \I,Stor
p(L—apst+ 1) > Y (0 (Prs(t) — PLy(t)) —wi) 8, Vk e (3.69)
ZG\I;Lower
STPL) =P+ S Tt P(t), Vi e whtaise (3.70)
Y P (t) =P+ > @R (1), Vi€ whove (3.71)
QUP < QFP(t) < Q" (3.72)
> HESKG(E) > L. (3.73)
kev kK

Constraints 1} and 1) encode raise services Py () and lower services P,i’ (1)

limits associated with the corresponding ramp rate limits p;, and P and the required
response time for the raise/lower service 77 /7!. The amount of reserve service that can
be provided is also limited by the maximum generation/demand in - . As
well as being limited by the overall generation/demand limit of the resources, these
raise/lower services are also constrained by the amount of curtailment that has occurred
for the resource to operate at the current dispatch point, as well as the maximum
allowable curtailment - . If the resource is an energy storage resource (i.e.,
k € WS°r) then there must also be sufficient headroom, (3.66|) and (3.67)), and footroom,

(3.68) and (3.69)), to provide the raise/lower services respectively for their duration 6" /d'.

Because it is unknown if and when during the time period these services may be called,

constraints are applied to both the stored energy at the start and the end of each time
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step.

Additionally to market-based services, the VPP may want to create contracts with other
market entities, or may be contractually obliged to provide certain services. These rela-
tionships are considered in ([3.70]) and (3.71]) where the sum of the contingency raise/lower

services must be greater than the sum of externally and internally contracted raise/lower

services. In (]3.70[) and d3.71|), @Z’Cmr / @ﬁécmr allows the framework to consider contractual

arrangements internally within the VPP. If raise or lower services need to be provided as
a function of active power injection (this could be a reserve service such as the obligatory
fast frequency response (FFR) for new generators that was considered in Australiaﬂ [25].
Or indeed a VPP operator could use this to internally schedule reserve to compensate
for generation deviation from RES). If there is a requirement then this is encoded by
Procntr

[y égcntr which indicates the percentage of power injection that needs to be covered

by raise/lower service /1.

Constraint imposes time-varying limits on the value of reactive power being ex-
ported to the grid. This grants the option for the VPP to provide contracted levels of
reactive power to the grid, as well as/instead of reactive power being procured by way
of a market structure. As inertia is not an active power service, it requires its own set of
constraints. These are defined in and ensure that at each time step the total VPP
inertia is greater than the contractually required inertia. Note that this only considers

inertia from synchronous machines, and is not considering ‘synthetic inertia’.

3.6.5 Multi-Energy Node Formulation

Thus far, the modelling and constraints have been focused on the electrical operation of
the VPP. However, one of the key aspects that needs to be considered in a comprehensive
framework is multi-energy operation. Only the electrical network is modelled in this

framework, and so the other energy vectors are considered by nodal balance only. These

Tt is noted that in mid 2021, the Australian Energy Market Commission (AEMC) published a draft
rule that suggests FFR is implemented in a market structure [152], rather than as an obligation to new
generators. However, in the case studies presented in this thesis, FFR is considered as a obligatory service
in line with [25] as an example of how the framework can consider contractual service arrangements. A
strength of the framework is that it has the flexibility to be able to model either of these options.
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multi-energy node constraints are enforced for s € [1: STV, ¢ € [1: THY):
Ef (xz,s(t + 1) - xze,s(t)) =
P (t)
d, k, ,ex
Z (nk ePl?,s(t) - g,e ) + iﬁs,t - wis(t) - Vie At — EZ; p(t)v
keTk, Tk
Vi e UV, Ve e whNon-elee (3 74)
XU < gf (T+1), Vie UV, Ve g phomele (3.75)
0<af,(t) <1, Vie ¥V Ve e phorele (3.76)
EYOP < ESOP(t) < ETTT, Vie UV Ve e ghonelee (3.77)
0< (@fv“ - q»fyf*) Wi (1), Vi WN Ve g whonelee (3.78)
0< (@f“ - ¢§,5—> (af€ s —wi(t)), Vie TN, Ve e phonelec (3.79)
T T
0< (@f’“ - @jé‘) (55 > & wayﬁt)) . Vie UV Ve e gNomelee (3 90))
t=1 t=1
¢ B e d
_ ~ de
Ejzg ()= Y 4 > || ke +®5 ) (Prs(t) + PL()
,,.E\I;Raise ke\Ij‘E 77]@
ESSP(t)
- (gzs,t - wzs(t) - Vie - Z’ST 5T1
Vi € UV, Ve € whon-elee (3 g71)

&+
Bt t+1)> Y { > K:ﬁe + ‘I’i_m‘i’e> (Prs(®) +P£,s(t))]

repRaise ke\pf k

e e e E’Le,sexp(t) '
— | s —wis(t) —vi — 77At o,

Vi e UV, Ve € whomelee

(3.82)
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. Pt F 4
fusos © {5 [(et) oo o)

le\leower kE\Ij;? nk

B (1)
+ ( fet —wis(t) —vi — ZSTt o,

Vi e UV Ve e phon-elee (3 g3)

— (I)EJr 4
By (1-af,(t+1) > Y { > [( ket @ n,f) (pk,s(t)_p,gs(t))]

lelpLower kelljf k

e e t e EZ?SEXP(t) 5[
+ | st —wis(t) —vi — A )

Vi e U Ve e wNon-elee (3 84)

The multi-energy node model is constrained by (3.74)), which encodes how the stored

energy of non-electrical vector e at node i (zf((t)) changes over time. This constraint
is applied for each node and for each non-electrical energy vector in the VPP. This
is to account for the demand and generation of all resources located at node ¢ that
couple electricity with energy vector e (i.e., k € ¥¢). It also includes nodal energy

demand /supply & 5. of energy vector e at node i, the curtailment of this demand /supply

wyi (t), and associated storage losses vf. Additionally to nodal demand, it can also be
considered that the VPP may be able to buy or sell energy vector e at node ¢. The
amount of energy vector e that is imported/exported at node 7 is expressed as Ef TP ().
Examples of how this is applied in conjunction with the resources model in are

provided in Appendix [B]

The final levels of stored energy for all energy vectors are constrained by . The
normalised levels of stored energy across energy vectors are constrained by and
the amount of energy that can be imported/exported is constrained in . The
allowable curtailment of multi-energy demand at each node is governed by —

where @f’§+ and <I>f’£7 are auxiliary parameters that are associated with the sign of £,
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such that.
THL SHL
Supply of energy vector e : Z Zgis,t >0 = <I>f’§+ =1, @f’g_ =0
t=1 s=1
THL SHL
Demand of energy vector e : Z Zfis,t <0 = @f’§+ =0, @f’s_ =1
t=1 s=1

Because the sign of f,; is only dependent on the whether the node ¢ has supply or
demand of energy vector e (which is assumed to be set across the optimisation horizon),

the values of (IDZ’5+ and @Z’gf are known a priori.

It must also be ensured that there is sufficient headroom/footroom in any multi-energy
storage at each node for the provision of the services that the mutli-energy resources
at that node are participating in. This is enforced in - by considering the
nodal energy demand, losses, and energy imported/exported. To ensure that the VPP
can deliver the services at any point in the time step, the constraint is applied to both

time step t and t + 1.

3.6.6 Initialisation of Resources

The initial status of the resources also needs to be included in the optimisation for

se1: 81

zs(1) = it vk € V2 (3.85)

a§ (1) = 0™, Wi € UV ve g glon-elee (3.86)
PE(0) = PE™, vk e UK (3.87)

P (0) = PP vk € UF (3.88)

Ul e(t) = U, Vte[0: U, — 1],k € UF (3.89)
DY G(t) =0, Vt € [0: Dy —1],Vk € UF (3.90)

The initial state of power and energy for each resource is defined in —. Con-
straints and are used to set the value of (x(0) as well as to ensure that the
minimum up time and down time requirements of each resource are respected between
optimisations. If U"* = 1, this will force ¢ (t) = 1. Similarly, if D}"}* = 1, this will force

Ck(t)=0. If U,;ntlt = 0 and D' = 0, then (j(¢) is unconstrained by {i and 1)
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3.6.7 High-Level Optimisation Full Formulation

Now that all of the constraints have been introduced, the high-level optimisation (where

At = AtHD) s

minimise ([3.21)
subject to:

(3.22) - (3.84), Vs € [1: SHY], t € [1: THL]
and (3.85) - (3.90), Vs € [1 : SHL).

This high-level optimisation is a MILP and a representation of the problem size in terms

of VPP parameters is given by:

Binary Variables = T |WF |,
Continuous Variables =

GHLpHL <4+ (WE|(6 4+ [wRaise] - [glower|) 1 opL| 4 gV (3’\PN0n-eleC| n 2)) :
Constraints =

SHL <|\IIK| 3+ Z (Uk+Dk) —|—|\IIN||\IINOH_eleC|—|—THL <5+12|\I/L|+
kev K

|\I/N| <6+13|\Ijnon—elec‘>+5|\IJStor|_’_8‘\I,K’ (’\I,Raise’ + |qlLower)+|\IjRaise|+|\I}Lower’>>'

It is clear that the number of constraints and variables increases proportionately to the
number of scenarios considered. This is why the robust restriction in Appendix [A]is so
effective at reducing the size of the problem - it reduces the number of constraints and

variables by a factor of SHV.

3.7 Mid-Level Optimisation

As the high-level optimisation sets the unit commitment schedule of the resources in the

VPP, the mid-level optimisation contains no integer variables. This enables formulation
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of the mid-level optimisation in terms of a more accurate SOC relaxation of the power
flow equations. The more accurate modeling of power flows enables the VPP operator
to better adhere to the network constraints, and reliably provide network services. The
aim of the mid-level optimisation is to set a 24-hour ahead operational trajectory that
maximises the VPP’s ability to generate revenue while minimising its cost. The main
time-coupling consideration that the mid-level optimisation must consider is the level
of stored energy. Therefore, across each scenario, the level of stored energy for each

resource and node at each time step is constrained to be the same.

3.7.1 Power Flow Equations

The main difference in formulations between the high-level optimisation and the mid-
level optimisation is the use of the SOC relaxation of the power flow equations in the
mid-level optimisation (the derivation of which is shown in Section |3.2.4]). The following

constraints are enforced for s € [1: SMV] ¢ € [1: TML:

2P;;,(t)
Nijs(t) +vis(t) > 2Qi;.(t) . (i, j) e ol (3.91)
Aijs(t) — vis(t)

V2, <uil(t) < Vi, Vie oV (3.92)
Pyjs(t) + Pjis(t) = rijyNijs(t), Y(i,35) € OF (3.93)
Qijs(t) + Qjis(t) = wijihijs(t), V(i j) € UL (3.94)

0j,s(t) = vis(t) = 2 (rij e Pijs () + 2354 Qijs (1) + (riy + 235,) Nijis(t), V(i j) € ¥F

(3.95)
Sii > (Pys(1)) + (Qijs(1)*, V(i,5) € UF (3.96)
Sk > (Pes()? + (Qrs(1)?, Yk e oX (3.97)

Constraint (3.91) is the relaxed SOC constraint that relates the square of current mag-
nitude A;; 4(t) and the square of voltage magnitude v; 4(t) to apparent power. The nodal

voltage is constrained in (3.92)), and the line losses are defined in (3.93]) and (3.94)). Line

voltage drop is constrained by (3.95). The apparent power limits of lines and resources

are constrained in (3.96) and (3.97) respectively.
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3.7.2 Cost Function

The cost function for the mid-level optimisation is formulated as:

Sl\{L TML
min Y mt Y " oM ()AL, (3.98)
s=1 t=1
Cgot ML (t) —
1 3 b
—~
PO+ Y (1) + Z S (Mt (6) AL PER() - A QE()
keUK ecWNon-elec ;N
5 6
ESP (1)
DI P S vet D DI RV BB N0
ec WNon-elec e N repRaise keUK
7
8
= > (A X BB |+ DY AAGs(t). (3.99)
lE\I]LOWeI‘ k‘E‘IfK (i7j)E\PL
where ci®M(¢) is the total VPP cost for each scenario s € [1: SML] at each time step
te1: ™MLY,

The mid-level optimisation total VPP cost described in is similar to the high-level
equivalent described in . The difference is that the eighth term in is dropped
in (as committed status of the resources is now fixed) and in its place is a term
to penalise current flow (and by extension losses) in the network. This term helps to
tighten the SOC relaxation by penalising excess current flowing in the network. Another
difference is the formulation of c¢s¥(t). The total operating cost of the resources within

the VPP for each scenario s € [1: SME] at each time step ¢ € [1 : TME] is defined as:

()2 30 (wh (P wd (PEO) 4 NEPE0) + PO + 7060

kewk
on off
+% max (0, G (t) — Gt — 1)) + J5 max (0, Gt — 1) — (k(t))> . (3.100)

where /1% and /i% are the quadratic cost coefficients for generation and demand operation
of resource k. This convex quadratic can represent some DER operating costs (such as

OCGTSs) more accurately than the linear version used in the high-level optimisation. It
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should be noted that the turn on and turn off costs in (3.100|) are constant as the unit

commitment schedule has already been set. This is enforced for ¢ € [1 : TML] by

Cr(t) = Cry, Yk € UK. (3.101)

3.7.3 Service Provision

When determining the active power based services that the VPP can provide, and mod-
elling the network in more detail (as in the mid-level optimisations and low-level opti-
misations), it is important to ensure that provision of these services is possible within
network constraints as well as resource technical constraints. The following constraints

are enforced for s € [1: SMY] ¢t € [1: TMY);

2
5> (Pk,s<t>+ max P,:so:)) +(@Qus(), ke UK (3.102)
repRaise ’
o 2
Sy > (Pk,s(t)—l max P,is(t)> + (Qrs(1)?, Yk e Uk (3.103)
c\yLower ’

S R0 = Y (Pl + e L) view? (3101

- TE\I;Raise ’
JEN; kev kK

SO PLey = > (Pkys(t)— max P,gs(t)), Vi e o (3.105)

jeM ke\yl[{ le\pLower
< aise 2 T
Sij = (PEe(1))” + (Qijs(1)?, V(i,j) € U* (3.106)
q ower 2 ..
Sij = (PEY" (1)) + (Qijs(t)?, V(i j) € TX. (3.107)

Constraints and ensure that service provision does not violate the appar-
ent power limit of the resources. Constraints and define the maximum
power flows in each line when raise or lower services are called. Constraints and
then ensure that these power flows do not exceed the apparent power limit of the
lines. In this formulation, the power flow modelling for service provision is not extended
to the modelling of network voltages when services are called. To do so would require
tripling the number of SOC constraints used to model power flows. This in turn would
increase the complexity of the optimisation. In most situations any voltage violations
that occur during service provision (if the services are called) would be of short duration.

That being said, if a specific application required the explicit consideration of network
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voltages during provision of services, this can easily be implemented in the proposed
framework by introduction of variables vRaise(t), vlower()  ARaise(t) and ALower(¢) and

1,8 1,8 15,8 1,8

their associated versions of (3.91)) - (3.95)) as constraints.

3.7.4 Cross-Scenario Constraints

The resources operational results from the first 30-minute time step of the mid-level
optimisation will be used by the low-level optimisation as an operational reference.
Therefore, it should be the same across every scenario (—) Additionally,
the stored energy level for each resource and node at each time step should be the same

across all scenarios (3.114]) and (3.115]). This ensures that the VPP is well placed to be

able to adjust its operation to account for future uncertainty.

Pl () =P, (1), Vke UK Vsy,s0€ [1:SM] (3.108)

PE, (1) =Pg (1), Vke UK Vs, 59 € [1: 5] (3.109)

PEP(1) = PEP(1), Vsi,s9 € [1: SMF] (3.110)

P(1) = QPP(1), Vsi,s0 € [1:SM] (3.111)

L (1) =P, (1), Vke U vre ol vs sy € [1: SM] (3.112)
Pl (1) =P, (1), Vke VX vie o vs sy e [1:SM] (3.113)
Thoy (1) = Thsy (1), Ve € UF 2 e [1:TM] Wsy, 59 € [1: SME] (3.114)

af, (t)=af, (1), Vie UV Veec WP te [1: TML] ,Vs1,89 € [1: SML] (3.115)

1,51 1,52

3.7.5 Mid-Level Optimisation Full Formulation

Now that all of the constraints for the mid-level optimisation (where At = AtML) have

been introduced it can be defined as:

minimise ([3.98)

subject to:
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(3.36)-(3.51)), (3.54)-(3.72), (3.74)-(3.84), (3.99)-(3.107), ¥t € [1: TMV], s € [1: SML],

(3.85)-(3-88), Vs € [1: SMM], and (3.108)-(3.115).

This mid-level optimisation is a SOC optimisation and a representation of the problem

size in terms of VPP parameters is given by:

Continuous Variables = SMbME (4 + 8| UK + 5|0l | + | U <3|\I'N°n'eleC] + 1)) ,

Constraints = SMLML <|\IJN| (6 + 13|\I,Non—eleC|> + 5‘W8t0r|+
[ (25 4 8| W] 4 g[whower|) 4 [phaise] 4 ghover| 4 4 4 61\1&,) WK T

(SML _ 1) (’\I’K|(2 + |\I,Raise| + ’\I,Lower| + TML) +24 |\I,N|‘\I,Non—eleC|TML> .

3.8 Low-Level Optimisation

The aim of the low-level optimisation is to adjust the close to real-time operation of the
VPP in order to ensure service provision and satisfaction of contractual arrangements
when faced with short term uncertainty. The low-level optimisation uses the preliminary
dispatch from the mid-level optimisation (which has a full 24-hour horizon) as a reference
for its operation. However, as the low-level optimisation horizon recedes, it has access
to more accurate short-term forecasts than the mid-level optimisation. Therefore, the
VPP can differ from the operation and market participation planned by the mid-level
optimisation if there is sufficient financial incentive to do so, or if required to fulfill a
contractual obligation. The low-level optimisation has a 5-minute time step and a 30-
minute prediction horizon, so it is reliant on the reference dispatch from the mid-level
optimisation to gauge how close it is operating to the longer term optimal dispatch

(determined by the mid-level optimisation).

3.8.1 Cost Function

SLL TLL

min » _ wll ) " (clOtME(t) 4 (1)) At (3.116)
s=1 t=1
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The low-level optimisation objective function in (3.116)) differs from the mid-level objec-

tive function with the inclusion of a penalty variable defined as

SUEDY (Ai‘pe“ (A0 - Py’

kev kK

2 2
+ /\%‘Pen (P]is(t) . Pkg:tref> + )\z-pen (-Tk,s(t) — X]Eif) >

DD SR CROE Zfef)z. (3.117)

ecWNon-elec ;N

This penalty function penalises the low-level optimisation for deviating from the refer-
ence resource demand level P,i;ref, reference resource generation level P,f:tref, reference
resource electrical storage level X lzetf, and reference nodal non-electrical storage level
Xi‘tref. These references are defined by the preliminary dispatch from the mid-level op-
timisation. The magnitude of this penalty for deviation from these reference points is

set by Ai“pen JAEPER NP INTPY respectively. The framework operator can choose the

penalty values depending on how responsive to short-term uncertainty they wish to be.

3.8.2 Cross-Scenario Constraints

The low-level optimisation is concerned with feasible operation of the VPP, and the
ability to fulfill the bids provided to the market. For this reason, the external interactions
with markets must be the same across scenarios. This restriction is extended to all time
steps considered by the low-level optimisation to help ensure that the planned operation

of the VPP is feasible in all scenarios.
POP(t) = PEP(t), te [1: T Vsy, s € [1: SM] (3.118)

P() = QEP(t), te [L:T] Vs, s € [1: 5] (3.119)

S1 52

SO P()= Y PL,t), te[l:TY] Vs, s € [1:S™],vr € WRae (3.120)
keUK keUK

ST P )= > Pl,t), te[1:T] Vs, s € [1: 8" vl e whover (3.121)
kevk kewk

EJSP(t) = EfO®(1), Vie UV Vee WPt e [1:T] Vs, 80 € [1:S¥]  (3.122)

i,s1 ’i752
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3.8.3 Full Formulation

Now that all of the constraints for the low-level optimisation (where At = At*) have

been introduced it can be defined as:

minimise (3.116))

subject to:

(3.36)-(3.51), (3.54)-(3.72), (3.74)-(3.84), (3.99)-(3.107), (3.117) V¢ € [1 : T L],
s€[1: 8t

(3.85) - (3.88) Vs € [1: S™], and (3.118)-(3.122).

This low-level optimisation is a SOC optimisation and a representation of the problem

size in terms of VPP parameters is given by:

Continuous Variables = S“LM: (5 + 8| UH| 4 5|1 WL | + [TV (3|\I/N0n'elec| + 1)) ,

Constraints = S“L7LE <|\1,N| (6 i 13‘\I,N0n—ele0|> + 5[wstor| 4

’\I’K| (25_’_8‘\PRaise’_’_8‘\I,Lower|) +|\IjRaise|+‘\I,Lower|+5+6|\IJL|>+

TLL(SLL _ 1) <|\IIRaise| =+ ’\I[Lower| + |\I,N||\IjNon—eleC|> > + |\I/K‘TLL

3.9 Key Remarks

This chapter presents the formulation and operation of the comprehensive VPP op-
erational framework proposed in this work. This framework consists of three linked
optimisation problems to schedule and dispatch the resources in a multi-energy VPP.
The high-level optimisation is a MILP that schedules the resources in 30-minute inter-
vals over a 24-hour period, utilising a scenario-based approach to mitigate uncertainty.
A single resource schedule is defined across all scenarios and provided to the mid-level

optimisation. The mid-level optimisation is a convex optimisation (utilising the SOC
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relaxation of the power flow equations) that provides a preliminary dispatch for re-
sources in 30-minute intervals over a 24-hour period. The mid-level optimisation utilises
receding horizon control to help mitigate uncertainty, coupled with limited inclusion of
scenarios to increase the robustness of the solution. The energy storage trajectory in the
VPP is the same across all mid-level scenarios. The results of the mid-level optimisation
can then be used in a heuristic control strategy to adjust OLTC positions. The prelim-
inary dispatch for the first hour is provided to the low-level optimisation. The low-level
optimisation is a convex optimisation (utilising the SOC relaxation of the power flow
equations) that dispatches VPP resources in 5-minute intervals over a 30-minute period.
The low-level optimisation utilises receding horizon control to help mitigate uncertainty,
coupled with limited inclusion of scenarios to increase the robustness of the solution. The
low-level optimisation adjusts VPP operation from the preliminary dispatch provided
by the mid-level optimisation in response to short-term uncertainty to ensure provision

of services, and react to changes in market prices.

It is worth noting that the framework utilises various approximations and relaxations
to model resources and network operations which may impact the optimality and/or
feasibility of the solution when applied to the real-world network. These include the
linear approximation of the power flow equations used in the high-level optimisation,
the SOC relaxation used in the mid-level and low-level optimisations, and the heuristic
OLTC operation. While the linear approximation of the power flow equations does
come at the cost of accuracy, it is shown in [I3I] that this linear approximation vastly
outperforms other common linear approximations. Additionally, this slight reduction in
accuracy provides a significant reduction in computational complexity compared to the
AC power flow equations. Under certain conditions the SOC relaxation can be exact, and
when not exact the difference are often minor [I42]. The heuristic approach to OLTC
operation proposed in this framework ensure feasible solutions for OLTC positions. This
is not the case with the continuous relaxation of the OLTC operation, which is an often-
used approach. The continuous relaxation allows the OLTC tap to be in a position in-
between the real-world step position. This can often lead to infeasible OLTC positions.
There is then no guarantee that, when the tap is moved to the closest feasible position,
the network constraints are respected. The benefit of the heuristic approach proposed
is that the OLTC tap will always be located in a feasible position. This comes at the

potential cost of sub-optimal positioning of OLTC taps. However, the receding horizon
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approach used in their positioning should help reduce that sub-optimality.

This operational framework is designed to be applicable to, and tractable in, the most
onerous market structures. This allows the framework to be easily adapted to other

market structures, for example through the adjustment of:

how the different optimisations interact;

when in its operation the VPP provides bids to the market;

addition or removal of markets, services, and energy vectors;

time step length and prediction horizon adjustment.

It is also designed to easily model a variety of VPP configurations. Alterations to the
objective function of the optimisation may also allow the framework to be used by

different network entities. These adjustments and adaptations are discussed in Chapter

@

In Chapter 4] it is shown how the framework can be effectively applied to a case study to
demonstrate the ability of a VPP to participate in multiple markets. The efficacy of the
framework’s approach to mitigating the effects of uncertainty is also verified, and the
importance of short-dispatch intervals in close-to-real-time market is highlighted. Also
in Chapter [4] it is demonstrated how the framework can be easily adapted for use by

different network entities, and to include different operating objectives and constraints.

In Chapter [5] electricity-hydrogen VPP case studies are provided to display how the
framework can capture the additional flexibility available to multi-energy VPPs. It
is also shown how this flexibility can directly translate into participation in markets
and provision of services, including local network support. The effectiveness of the
SOC relaxation in providing local network support will also be determined. The ability
of hydrogen-based resources to simultaneously participate in markets will be further

examined, and the impact on operational strategies will be illustrated.

In Chapter[6] the versatility of the proposed framework is further shown by its utilisation
for a techno-economic assessment for VPP business cases. Different possible electricity-
hydrogen VPPs are proposed, and their long-term economic viability is examined. The

impact on revenue of considering multiple markets and services, as well as modelling of
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network constraints will be examined in detail. These factors will also be examined as

they relate to changes in hydrogen production.



Chapter 4

Provision of Grid Services and

Market Participation from a VPP

4.1 Introduction

In this chapter, two studies are conducted to show the framework’s ability to unlock
VPP capabilities to provide services and participate in multiple markets. This chapter
will also highlight the flexibility of the framework, and its ability to be easily tailored,

for example to represent different network entities.

The first study co-optimizes a VPP’s participation in wholesale energy, six frequency
control ancillary service (FCAS) markets, and a reactive power market. Additionally,
the VPP provides contractual fast frequency response (FFR), inertia, and local network
services. The aim of this study is to highlight how effectively a VPP utilising the pro-
posed operational framework can provide multiple contractual services and participate
in multiple markets simultaneously, whilst considering uncertainty. To this end, this
study will focus on the effect on VPP operation and revenue of introducing additional
contractual services into the VPP portfolio. This case study also looks at the effective-
ness of the framework’s approach to mitigating uncertainty by comparing the proposed
framework with one with perfect knowledge of the future. This would quantify the loss
of revenue associated with future uncertainty. Comparison will also be drawn to the

likely VPP revenue if a framework that could not operate in the short bidding windows

85
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of the Australian market was utilised, as well as a framework that was not able to con-
sider multiple markets. This highlights the necessity of consideration of short bidding
windows. This study is based on the paper written by the author: Co-optimizing Virtual
Power Plant Services Under Uncertainty: A Robust Scheduling and Receding Horizon
Dispatch Approach [153].

The second study in this chapter considers a distribution system operator (DSO) that
utilises the proposed framework to determine operating limits for the DER in the network
that are controlled by VPPs. These operating limits ensure that DER operation does
not violate network constraints. The VPPs in the network can then use the framework
to optimise the operation of their DER within those limits. The aim of this study is
to illustrate how the proposed operating framework can be utilised by different network
entities (in this case a DSO and VPPs), and how these entities can interact. It also shows
how the operating framework can be easily adapted to be suitable for modelling these
new entities and interactions, including adapting objective functions and constraints.
This study will also consider how different fairness paradigms implemented by the DSO
impact VPP operation and revenue. Different network configurations are also studied

to ascertain their impact on DER operating envelopes.

4.2 Study on VPP Participation in Multiple Markets and

Services

In this study (based on the paper written by the author: Co-optimizing Virtual Power
Plant Services Under Uncertainty: A Robust Scheduling and Receding Horizon Dispatch
Approach [153]), the proposed framework is applied to a remote area of the South
Australia (SA) network. This area has large potential for RES generation but is weakly
connected to the grid, which may impede the export of electricity and cause voltage
issues within the local network. Therefore, there is a benefit to providing local network
support as well as storing excess energy via a battery energy storage system (BESS). This
part of the network has a single connection point to the grid via a long transmission line.
The VPP is comprised of the network and resources downstream of this grid connection

point shown in Figure [4.1
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FI1GURE 4.1: Single line diagram for VPP in study of VPP participation in multiple
markets and services

The markets that are considered include a real-time wholesale energy and six contingency
FCAS markets with different response times, namely, fast (6 second), slow (60 second),
and delayed (5 minutes), and for raise/lower frequency [19]. Additionally, an upstream
reactive power market is assumed to assist with reactive power circulating in transmission
lines overnight. These markets are all cleared at 5-minute intervals, and participants
are not required to provide bids before this time. Further, the VPP also provides FFR,
inertia, and local network support which are assumed to be contracted on a specific basis

in the absence of relevant markets.

A single line diagram of the network that is used as the VPP in the case study can be
seen in Figure This network contains the 132 kV, 66 kV, 33 kV, and 22 kV lines
and nodes in the area (the per unit formulation allows the framework to easily consider

the VPP operation across multiple voltage levels). The network downstream of load
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Resource Size Location
Wind Farm 1 70 MW Node 11
Wind Farm 2 66 MW Node 20
Solar PV 1 30 MW Node 22
Solar PV 2 30 MW Node 24
OCGT 1 50 MW Node 13
OCGT 2 23 MW Node 15
Load 1 33 MW Node 8
Load 2 23 MW Node 9
Load 3 25 MW Node 12
Load 4 66 MW Node 14
Synchronous Condenser 1 20 MVar Node 16
Synchronous Condenser 2 20 MVar Node 17
BESS 30 MW / 100 MWh Node 26

TABLE 4.1: VPP resources in study of VPP participation in multiple markets and
services

substations at nodes 8, 9, 12, 14 is not modelled and is assumed to be operated by another
entity. The VPP is only responsible for providing the required power to the load node
for consumption downstream, and for maintaining the nodal voltage within acceptable
limits. The resources within the VPP are detailed in Table 41l The curtailment of
loads is considered to be fully controlled by the VPP operator at a cost of $500/MWh.
The price of reactive power is set at -$1/MVarh between 22:00 and 05:00 and $0/MVarh
otherwise. For the cases where there is a minimum inertia requirement it is set to 330
MWs. Inertia is available from Wind Farm 1 (which is assumed to be a type 2 wind
farm, OCGTs 1&2, and Synchronous Condensers 1&2). As a part of the local network
support provided by the VPP, the nodal voltages are maintained between 95%-105% of
their nominal value and apparent power flows are maintained below line capacities. The
BESS is assumed to start the day with 50 MWh stored energy and has an end-of-horizon
target of the same. The FFR contract requires the BESS to be able to provide upwards

reserve of a magnitude at least 50% of the current PV generation in the VPP.

4.2.1 Case Study Days

In this study three days are considered: 01 May 2016 (when energy prices were negative
for a large portion of the day), 28 Aug 2016 (when there was a consistently high amount
of available RES), and 31 Jan 2020 (when the SA network was islanded from the rest

of the grid, causing a large fluctuation in energy and FCAS pricing). Historical prices
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Local
Case Network FFR Inertia Uncertainty
Support

Case 1 v v v v

Case 2 v v v

Case 3 v v v

Case 4 v v v

Case 5 v v v

TABLE 4.2: Case descriptions for study of VPP participation in multiple markets and
services

for the wholesale energy and FCAS markets, as well as wind farm generation data are
taken from AEMO [I54]. Substation load is based on data from SA Power Networks
[155], the solar irradiances are from the Australian Bureau of Meteorology [156]. The

studies to be conducted for each day are detailed in Table

The prices for the wholesale energy and six FCAS markets for each of the three study
days are shown in Figure On 01 May 2016 the early morning has negative energy
prices as well as elevated lower FCAS prices. The energy price increases throughout
the day, and a spike in raise FCAS prices is seen in the early evening. On 28 August
2016 the energy price remains relatively low until the evening peak. The FCAS markets
keep relatively consistent throughout the day, although the delayed lower FCAS does
have an early morning price peak. By observing the logarithmic scale for 31 January
2020 it can be seen that the separation event had a significant impact on market prices.
It can be seen that prices are within a normal range before the separation event, at
approximately 13:25 hours. After this point, the wholesale energy market, and all of
the FCAS markets see huge fluctuation in prices. For the wholesale energy market this
includes both positive and negative prices of high magnitude. Moreover, this fluctuation
in prices is not something that could have been foreseen in the scenarios generated to
consider uncertainty before the separation event occurs. Therefore, it will be shown
that the receding horizon control is key to the VPP being able to adjust its operation

in response to new and evolving information.
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FIGURE 4.2: The wholesale energy and FCAS market prices for the three study days
- (left) 01 May 2016, (center) 28 August 2016, (right) 31 January 2020

4.2.2 Uncertainty

Wind speed is modelled using Weibull distribution, described by

k—1
Flain k) = & (5)7 e 4 e [0,00), kA € (0,00)

(4.1)

where k is the shape parameter and A is the scale parameter, and solar irradiance is

modelled using Beta distribution, described by

fzla, B) =
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where a and 3 are shape parameters, and I' is the Gamma function defined as

I'(z) = /000 et lat. (4.3)

A shape parameter value of k = 3 [I57], and real-world values of mean and maximum
wind speed were used to determine the scale parameter A for the Weibull distribution.
Shape parameter values of & = 4, § = 2 [I58], and real-world solar irradiance and
clear sky irradiance were used for the Beta distribution. Uncertainty in load is mod-
elled using a Gaussian distribution with a standard deviation calculated from historical
load data. The market price scenarios are taken as the pre-dispatch prices provided
by the market operator with a Gaussian distributed error [159]. The probability of a
single realization of an uncertain variable is taken as the probability based on an inter-
val of one percentile width centered at the chosen value. Assuming these uncertainties
are independent events, multiplying the probability of each realization of uncertainty
in each scenario provides the scenario probability. The variances of these distributions
are reduced in a linear fashion from the last time-step to the first, to represent higher
certainty closer to the present time. The high-level optimization considers 10,000 sce-
narios to capture the uncertainty in the system. The corresponding computationally
tractable restriction described in Appendix [A]is then used to generate a resource sched-
ule. Uncertainty at the mid-level and low-level is mitigated through the receding horizon
approach. Fach time the mid-level and low-level recede their horizons a new prediction
for the market prices, load and renewable availability is generated based on the newest
information. Additionally, a scenario with higher RES availability and lower load, and
one with lower RES availability and higher load are also considered. This helps ensure
the mid-level and low-level problems do not select highly sensitive solutions or operate

too close to infeasible regions.

4.2.3 Computational Aspects

The VPP framework was implemented in MATLAB, using YALMIP [160] as a parser,
and Gurobi [I61] as a solver, utilising the University of Melbourne’s Spartan High Per-
formance Computing system [162]. The restricted formulation of the high-level opti-

mization (for one problem with 24-hour horizon and 30-minute time-step) has 24,398
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variables, 71,483 constraints and is solved in under 1 second. Running the original high-
level problem with 1,000 scenarios takes approximately 15 hours to solve, which implies
10,000 scenarios would be intractable, justifying the need for the restricted problem.
However, running the original high-level problem with 100 scenarios is solved in under
10 minutes. This shows that for this case study the high-level optimisation could be
used in conjunction with scenario reduction techniques to arrive at a tractable problem
without requiring the use of the robust restriction. The mid-level optimization (for one
problem with 24-hour horizon and 30-minute time-step) contains 191,730 variables and
288,242 constraints. The mid-level optimization solution time is approximately 115 sec-
onds. The low-level problem (for one problem with a 30-minute horizon and 5-minute
time-step) contains 24,798 variables and 36,630 constraints and is solved in under 3
seconds. It is seen here that without reducing the size of the problem by splitting the
low-level and mid-level optimizations, the problem would not be tractable for a 5-minute

receding horizon.

4.2.4 Results
4.2.4.1 VPP Multi-Market Participation

One of the key aspects of the VPP is its ability to generate revenues via co-optimization
in multiple markets simultaneously. For Case 1 - 01 May 2016, the VPP participation
in the wholesale energy and six FCAS markets is shown in Figure For the majority
of the morning the wholesale energy prices are negative. However, the VPP does not
completely curtail its RES generation. This allows the VPP to also participate in the
lower FCAS markets, which in the early morning have elevated prices. Between 06:00
- 12:00 hours the energy price fluctuates between positive and negative, leading to the
peaks and troughs in VPP wholesale energy participation. After 12:00 hours the energy
prices turn positive, and the VPP stops curtailing its RES generation. This can be see
in Figure 4.3| (middle) where the raise FCAS bids reduce to a more steady value. This is
because the raise FCAS participation is now coming from the curtailable loads and the
BESS, and not the RES generation. In the evening there is very little RES generation
(hence the small lower FCAS participation in Figure (bottom)). However, at the

end of the day when the energy prices peak, the BESS discharges for maximum value.
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The BESS is one of the most flexible resources in the VPP, and so its operation will
be analysed further. Figure [4.4 shows the BESS dispatch points participation in FCAS
markets and FFR for Case 1 on 01 May 2016. The BESS starts half-full of energy, so
during the early portion of the day the BESS bids into the FCAS markets are not con-
strained by the energy headroom/footroom delivery requirements. Bids are constrained
by the power of the BESS (for raise FCAS markets this is true through the entire day).
During the morning negative price periods the BESS charges, but not fully, allowing it
to still bid in the lower FCAS markets later in the day to generate revenue. The delayed
lower FCAS market prices are greater than for slow or fast lower. So as the available
headroom starts to constrain the BESS participation in the lower FCAS markets, the
VPP prioritizes bids to the delayed lower market. The BESS reaches very close to full
capacity in the evening (hence the reduction in lower FCAS market bids), before dis-
charging during the peak energy price periods at the end of the day. The BESS power
allocation for FFR matches the requirement from the PV in the system. The PV is
curtailed for much of the morning (due to the negative energy prices), so the BESS does

not need to provide FFR during that time.

4.2.4.2 Reactive Power Support

The price of the night time reactive power market to incentivise reactive power absorp-
tion is low compared to the other markets (a price of -$1/MVarh between 22:00 and
05:00). This means that any alteration that the VPP makes to its operation should not
result in high operating costs or lost opportunity to generate revenue in other markets.
However, the VPP can provide upstream reactive power support with limited effect on
the VPP revenue in other markets. Figure compares the VPP active and reactive
power outputs for Case 1 on 28 Aug 2016 when participating in the reactive power mar-
ket, and when it is not. Even this small price signal elicits a substantial change in VPP
reactive power, highlighting the flexibility and effective co-optimization of the VPP. This
service could easily be altered to be a contractual one by imposing a minimum value
on the reactive power imported from the grid during this time, which is support by the

operating framework as shown in constraint (3.72]).
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FIGURE 4.5: Changes in reactive power outputs when upstream support is requested
for Case 1 - 28 Aug 16

4.2.4.3 Daily Revenue

Figure shows the total daily revenue of the VPP for Case 1 in each of the three
study days, as well as the revenue composition. It shows that the revenue composition
and magnitude differ between days, further highlighting the importance of multi-market
participation. On 01 May 2016, the VPP is a net importer of energy (approximately
700 MWh) and so the energy-related revenue is negative (VPP revenue from consumers
of this energy is not considered in this analysis). However, the VPP still manages to
obtain an overall positive revenue due to participation in FCAS markets. In contrast,
for 28 Aug 2016 the revenue from the energy market makes up most of the revenue from
the large amount of energy exported due to high availability of RES. Finally, for the 31
Jan 2020 (note the change in order of magnitude of the y axis in Figure most of the
revenue is coming from participation in the fast raise FCAS market. This comes mainly

from the BESS and partial curtailment of inverter-based RES.

Table 4.3| contains the total revenue of each of the cases on each day. The importance of
multi-market participation has already been shown in Figure Table shows how
effectively the VPP can employ flexibility to provide contractual services with minimal
impact in its revenue generation. It should be noted that no revenue has been attributed
to the provision of the local network support, FFR or inertia services provided by the
VPP, hence the lower revenue when these services are being provided. However, the

reduction in market revenue for providing each of these three services is only less than 1%
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FIGURE 4.6: Comparison of total daily revenue for Case 1 across different days

Case 01 May 16 28 Aug 16 31 Jan 20
1 $4,339 $32,813 $4,482,907
2 $4,363 $33,020 $4,494,905
3 $4,339 $32,819 $4,579,243
4 $4,343 $32,827 $4,483,006
5 $4,931 $32,916 $5,057,684

TABLE 4.3: Daily revenue of case studies

of total revenue. The exception to this is providing FFR on 31 Jan 2020, which reduces

VPP revenue by 2%. This slightly higher reduction in revenue is due to the opportunity

costs associated with the BESS not being fully able to take advantage of the extreme

market prices. This shows that the framework allows the VPP to effectively utilise

its flexibility to provide multiple contractual and market services whilst maximising

revenue. Whilst these contractual services have a limited cost impact, they can have a

major benefit. Taking 01 May 2016 as an example, without local network support, the

network voltages range from 0.9196-1.1208 p.u. (as shown in Figure and exceeds

voltage limits around 8% of the time.
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FIGURE 4.7: 01 May 2016 maximum and minimum network voltages throughout the
day for Case 1 (with local network support) and Case 2 (without local network support).
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FIGURE 4.8: (Top) changes in wholesale energy price forecast and corresponding

planned power import between 13:00 hours and 13:30 hours on Case 1 - 31 Jan 2020.

(Bottom) changes to fast raise FCAS price forecast and corresponding planned bids
between 21:00 hours and 21:30 hours on Case 1 - 31 Jan 2020.

4.2.4.4 Effects of Uncertainty

To verify the robustness of the high-level solutions the resource schedules were tested
with an additional 10,000 realizations of uncertainty. These realizations were different to
the ones used to generate the robust schedules. Nonetheless, feasibility was maintained

in all cases as is expected.

The difference in revenue between Cases 1 and 5 (uncertainty vs perfect knowledge) for
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28 Aug 2016, 31 Jan 2020, 01 May 2016 is 0.3%, 11%, 12% of total revenue respectively.
The percentage difference for 01 May 16 is high because of the small revenue ($4,339)
compared to the large cashflow (combined costs and revenues of $46,148). If the differ-
ence between Case 1 and Case 5 cashflows is considered for 01 May 16 then the difference
is 1.3%. The revenue difference on 31 Jan 2020 is high because of an islanding event in
SA which could not be predicted. The market price forecasts drastically changed after
the islanding at 13:30 hours and continued to change for the rest of the day. Figure [4.§]
gives just two examples of how quickly and drastically market price forecasts changed
over 30-minute periods for 31 Jan 2020 (note the logarithmic scale for prices), and how
the VPP changed operating strategies accordingly. These changes were of far greater
magnitude than would be included in scenario generation. However, due to its flexibility
and the receding horizon approach, the VPP could rapidly adjust its operation and still
provide services and accrue a large revenue. As is shown in the next section, if an oper-
ational framework was used that didn’t utilise short-term bidding windows to determine

VPP dispatch, the impact on revenue would be even more significant.

4.2.4.5 Comparison of Results against previous frameworks

For the purpose of comparison, we have also adapted the framework proposed in this
work to emulate the approaches to VPP operation proposed in previous works [108], 120}
121]. These previous works use binding day-ahead bids coupled with close-to-real time
bid tracking, and do not consider multiple markets. To highlight the benefit derived
from our framework, Table shows the different revenues in Case 3 for the three
study days. First, the proposed framework is applied with full flexibility. Second, day-
ahead bids (in energy and FCAS) are set to be binding, and the low-level 5-minute
receding horizon optimization is used to match those bids. Third, a further restriction
is enforced by excluding participation in FCAS markets. Table [£.4] shows in all cases
that the inclusion of a short-term bidding window and participation in multiple markets

both greatly increased potential VPP revenue.

4.2.4.6 Accuracy of SOC Relaxation

By utilising a relaxation of the AC power flow constraints, the solution obtained by

the optimization may be different than if the full AC power flow equations were used.
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Framework Revenue($)

Energy FCAS Curtailment Operating Total

Cost
01 May 2016 Case 3
Proposed -19,409 25,244 0 -1,496 4,339
Framework
Binding -32,024 22,820 0 -2,377 -11,581
Day Ahead
Binding
Day Ahead -26,607 0 -1,259 -2,077 -29,943
No FCAS
28 Aug 2016 Case 3
Proposed 23,786 10,935 0 -1,902 32,819
Framework
Binding -12,617 9,432 0 -910 -4,095
Day Ahead
Binding
Day Ahead -12,322 0 0 -373 -12,695
No FCAS
31 Jan 2020 Case 3
Proposed 639,660 3,993,834 -4,599 -49,652 4,579,243
Framework
Binding -7,053 1,797,800 0 -22,645 1,748,102
Day Ahead
Binding
Day Ahead -8,504 0 0 -23,519 -62,023
No FCAS

TABLE 4.4: Revenue comparison against previous frameworks

As mentioned in Section the dispatch points determined by the solution of the
low-level optimisation can be used as an input to an AC load flow to determine the
impact the SOC relaxation has on the exactness of the results. Taking Case 1 of 01
May 2016 as an example: the maximum error in nodal voltage magnitude caused by
using the SOC relaxation is 0.003 p.u, with an average error of less than 0.0002 p.u;
the maximum active power grid injection error is 0.28 MW, with an average error of
0.015 MW (for comparison the maximum active power grid injection is 91.88 MW); the
maximum reactive power grid injection error is 0.55 MVar, with an average error of
0.043 MVar (for comparison the maximum reactive power grid injection is 12.79 MVar).

The slight tightening of voltage and power flow constraints in the relaxed model would



Provision of Grid Services and Market Participation from a VPP 100

help ensure that these limits are maintained in the real system. The maximum active
power injection error is negligible compared to the maximum active power injection at
0.3%. The average reactive power injection error compare to the maximum reactive
power injection is 0.34%. However, the maximum reactive power injection error is more
noticeable when compared with maximum reactive power exchanged with the grid at
4.3%, which justifies the approach of running the final VPP dispatch through a full
AC load flow conducted in MATPOWER [163] to ensure that an accurate bid can be
provided to markets. While it is not part of the current framework, a possible future
additional functionality could be an algorithm to automatically tighten the network
voltage and power flow constraints and then re-run the low-level optimisation, iterating
until the low-level optimisation provides a dispatch solution that is feasible in the AC
load flow. This would avoid excessive tightening of network constraints during times

when it was not required.

4.2.5 Summary of VPP Participation in Multiple Markets and Ser-

vices

The framework that has been proposed in this work and applied in this study allows
multi-service operational co-optimization and value stack maximisation of a VPP that
participates in multiple markets and provides network and system services whilst consid-
ering uncertainty and local network constraints. The results of the case study show that
the framework allows a VPP to flexibly and effectively alter its revenue maximisation
strategy in response to different market prices and renewable availability. Participa-
tion in multiple markets could provide significant additional revenues, thus boosting the
VPP’s business case. The framework also allows a VPP to provide additional system
and network services with limited impact on market revenue. Provision of local network
support to prevent over-voltages in the local network and contribution to system opera-
tion via provision of FFR, inertia and upstream reactive power support facilitate system
and network integration of DER and RES. The framework can successfully consider
and adapt to uncertainty (both foreseeable and unforeseeable) through a combination
of scenario-based robust optimization and receding horizon optimizations. The adopted
SOC relaxation of the power flow equations allows a tractable formulation of a very

complex problem. The resulting limited inaccuracy can be counter-acted through slight
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tightening of network constraints, besides being practically checked via power flow anal-

ysis, as done here.

4.3 Study on Distribution System Operator & VPP Inter-

actions

The second study in this chapter looks at how the proposed framework could be utilised
by different entities in a network. In the first study, it is assumed that the VPP is
directly responsible for maintaining the state of the network in which it is located within
allowable limits. This is a useful assumption for determining how effectively the VPP can
provide local network support, and the associated costs of such support. However, in the
real world the VPP and distribution system operator (DSO) (the entity responsible for
maintaining distribution network operation) are likely to be different entities. Therefore,
it is pertinent to determine how the framework proposed in this thesis is able to be used

in such a multi-entity setting.

This study will consider a DSO being responsible for ensuring that network limits are
not violated by providing each active DER (a DER controlled by a VPP) in the net-
work with operating limits. The VPPs in the network then optimises the operation
of the DER (subject to the operating limits imposed by the DSO, and without direct
modelling of the network constraints) to participate in electrical markets controlled by a
distribution market operator (DMO). This process is illustrated in Figure It should
be noted that this is only one example of possible interactions between distribution
network entities. This framework could easily be applied to other setups with different

entities and interactions.

The main aspects of this multi-entity interaction that this study examines are:
1. How does the fairness paradigm employed by the DSO effect network export ca-
pabilities, and VPP revenue generation?

2. How does the method of DER control (only active power or active and reactive

power) change the operating limits and best choice of fairness paradigm?

3. Can network flexibility (network owned and controlled assets) be used to assist in

increasing the operational envelopes of the DER?
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FIGURE 4.9: Flowchart to illustrate the proposed interaction between VPPs, DSO and
DMO in a network

For purposes of clarity, when fairness is referred to in this chapter, it is applying to the
method in which the available network capacity is being assigned by the DSO to each
DER. The DSO does not consider which VPP the DER is part of when determining
the fairness of its capacity allocation. Therefore, this is fairness from the perspective of
the customer/DER owner. This chapter does not consider the economic fairness with
which a VPP operator would redistribute profits to the DER (as there would likely be
contracts in place between DER and the VPP operator as well as regulation to govern
this), although the economic impacts on each VPP when these fairness paradigms are

used is shown later in the chapter.
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4.3.1 Fairness Paradigms

When a DSO is determining the operational limits of the active DER, the overall objec-
tive is likely to be to maximise the amount of active power that can be exported from
the network whilst respecting network limits. This allows the greatest participation in
electrical markets by DER within the distribution network. However, the DSO may also
want to ensure that the restrictions that they are placing on the DER are in some way
fair to the DER within the network. There are questions around what a fair method
of defining operational limits would be, and how implementation of fairness effects the
ability of the network to export power. There are many possible fairness paradigms
that could be implemented, informed by DSO objectives and customer preferences. The
aim of this case study with respect to fairness paradigms is to highlight the complexity
involved in choice of fairness paradigm, especially in the context of overall economic
efficiency of the distribution network. Therefore, in this study three fairness paradigms

are considered:

1. Maximum Power Export - This has no concept of fairness, and instead chooses
DER operational limits solely to maximise active power export. If the same value
of power export has multiple solutions, the most efficient limits are chosen (those

that also minimise losses in the network).

2. Equal Export - Using this method, the DSO ensures that all active DER in the
network are allowed to inject the same amount of active power while aiming to

maximise active power export.

3. Proportional Curtailment - Using this method, the DSO ensures that all active
DER are curtailed at a level proportional to their maximum available generation

while aiming to maximise active power export.

4.3.2 How the framework is applied

To illustrate how this interaction can be accomplished, and the effectiveness of the
different concepts of fairness as well as the different control mechanisms, this study
will consider a single time step optimisation only (i.e., 7' = 1). However, this can be

readily expanded to multiple time steps. It is also assumed that none of the DER in this
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distribution network require unit commitment modelling. Therefore, only the low-level
optimisation of the framework is used in this study, (with the associated penalty function
set to 0). This again highlights the flexibility of the operational framework allowing it
to adapt to different modelling requirements. Uncertainty is also not considered in this

study, so SM =1

4.3.2.1 DSO Optimisation

For the DSO to be able to create the DER operational limits, it must receive from the
DER the maximum power that it desires to generate in the specific time period Pk,t‘
The DSO should also be advised by the VPPs operating in the network if their resources
are using solely active power control, or active and reactive power control. The DSO can
then use the low-level optimisation of the proposed framework with minimal alterations
to be able to optimise the assignment of DER operational limits to maximise active

power export. The objective function for the DSO is

T

min Y | =POP() + Y ASEA() |- (4.4)
t=1 (i,j)ewL

The loss term in the cost function acts to ensure that the most efficient choice of resources

is utilised to maximise active power export. It also acts to tighten the SOC relaxation

of the power flow equations to increase the accuracy of the modelling.

If the DSO is operating under the Maximum Power Export paradigm, there are no
additional constraints. If the DSO is operating under the Equal Export paradigm, then

the low-level optimisation would be supplemented with
Py(t) =P, kew'"? (4.5)

where ]5(75) is the limit of power injection that each active resource can inject, and
UV PP s the set of active DER in VPPs. This distinction is important for the DSO
optimisation, as there are likely to be resources in the network that are not part of a
VPP. These resources would not be participating in any electrical markets, but would

also be unresponsive to DSO operational limits.
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If the DSO is operating under the Proportional Curtailment paradigm the low-level

optimisation would need to be supplemented with
Pyy — Pi(t) = Pryio(t), ke wVPP, (4.6)

&(t) >0 (4.7)

where @(t) is the proportion of available active power kat that each active resource must

curtail.

4.3.2.2 Soft Open Points

A soft open point (SOP) is an electronic device that is positioned in the network at a
point that would normally by open (disconnected), such as the ends of two feeders. This
device is often two back-to-back voltage source converters [164]. Using a SOP links the
active power flow through the SOP (defined by ), but allows the reactive power flow
into and out of the SOP to be independent, limited only by the apparent power limit of
the voltage source converters (as in and ) This provides a network operator

with a high degree of flexibility, allowing reactive power control at the end of feeders.

PSOP,out(t) + HSOP(t) (ASOP,out(t) + ASOP,in(t)) _ PSOP’in(t) (48)
(PSOPout(1))? 4 (QSOPou (1)) < 57 (4.9)
SOP

(PSOP,in(t))Q + (QSOP,in(t))Q < g (410)

In (4.8) - (4.10)), PSOPeut(¢) is the active power leaving the SOP, PSOPn(¢) is the active
power entering the SOP, ASOPout(¢)/ASOPIn(4) i5 the square of current flow out of /

SOP

into the SOP respectively, and is the loss coefficient associated with current flow

through the SOP. Q5OT°ut (1) /Q5OPin(¢) is the reactive power flow out of / into the SOP.
The apparent power limit of the SOP is §SOP.

4.3.3 Distribution Network used in the study

The distribution network used in this study is shown in Figure [£.10] and is based on a
real world 22 kV network. The DER in feeders A and B are a combination of PV and
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FIGURE 4.10: Distribution network used for study on DSO & VPP interactions con-

taining controlled DER in feeder A and C, and uncontrolled DER in feeder B. The

controlled DER, are controlled by the three separate VPPs (denoted by the colours
blue, green and orange)

BESS with a 0.25 MW inverter size and 0.02 MWh storage size. In feeder C the PV
+ BESS system is 0.5 MW / 0.02 MWh and there is also a 1 MW / 1.2 MVA diesel
generator. These feeders are connected to the main grid via a 4 MVA transformer. To
consider a worst case scenario, the load on each of the nodes is negligible (assuming
that uncontrolled downstream rooftop PV is generating a sufficient amount of energy to
cover the load requirement), and there is sufficient solar irradiance for each controllable
PV to generate their rated power. It is also assumed that the DSO has a forecast of the
operation of the uncontrolled DER. The DSO is responsible for maintaining power flow
below line thermal limits, and nodal voltages within 95%-105% of nominal voltage. The
controlled DER (the DER on feeders A and C) are divided into three different VPPs
(Blue VPP, Green VPP and Orange VPP in Figure . To determine how network
configuration and DSO controlled network flexibility effect DER. operating limits, two
variations on the network will also be considered. In Figure [£.11] the ends of feeder A
and feeder B have been joined by a cable to create a looped network. In Figure the
ends of feeder A and feeder B are joined by an SOP.
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VPP interactions containing controlled DER in feeder A and C, and uncontrolled DER

in feeder B. The controlled DER are controlled by the three separate VPPs (denoted
by the colours blue, green and orange)
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FIGURE 4.12: Distribution network with an SOP used for study on DSO & VPP

interactions containing controlled DER in feeder A and C, and uncontrolled DER in

feeder B. The controlled DER are controlled by the three separate VPPs (denoted by
the colours blue, green and orange)
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DER and Rated Maximum Equal Proportional
Node Number Power Export Dispatch Curtailment
MW MW MVAr MW MVAr MW MVAr

PV+4BESS - 4 0.25 0.25 0.00 0.12 0.00 0.09 0.00
PV+BESS - 5 0.25 0.21 0.00 0.12 0.00 0.09 0.00
PV+BESS - 6 0.25 0.00 0.00 0.12 0.00 0.09 0.00
PV+BESS - 7 0.25 0.00 0.00 0.12 0.00 0.09 0.00
PV+BESS - 15 0.25 0.00 0.00 0.12 0.00 0.09 0.00
PV+BESS - 16 0.25 0.00 0.00 0.12 0.00 0.09 0.00
PV+BESS - 17 0.25 0.00 0.00 0.12 0.00 0.09 0.00
PV+BESS - 18 0.25 0.00 0.00 0.12 0.00 0.09 0.00
PV+BESS - 21 0.50 0.50 0.00 0.12 0.00 0.17 0.00

Diesel Gen. - 22 1.00 0.24 0.00 0.12 0.00 0.35 0.00
Power from VPPs 1.20 0.00 1.22 0.00 1.21 0.00

Power Export to grid 2.33 -0.06 2.34 -0.06 2.34 -0.06

TABLE 4.5: DSO operational limits for DER with only active power control for each
of the three fairness paradigms

4.3.4 Results - Radial Network
4.3.4.1 Active Power Control Only

Table shows the DER operating limits set by the DSO for the controllable DER
in the network, for each of the three fairness paradigms. These results are assuming
active power control only, hence why the reactive power from the controllable DER is
set to 0. In each of these cases, the amount of power that is exported to the grid is well
below the 4 MW thermal limit of the grid connection transformer. This is because the
power export of the DER is limited by the high voltage in the network. Specifically,
the voltage at the end of feeder B (the uncontrolled feeder) is limiting the power export
of the network. The power that is exported to the grid is also essentially the same in
each of the three fairness paradigmsﬂ It is apparent that for the Maximum Export
paradigm DER close to the grid connection point are heavily favoured. This results in

the majority of controllable DER not being permitted to generate at all.

!The Maximum Export value is actually marginally less than the other values (0.35% less). This
is because, due to the lack of a fairness constraint, there are many possible solutions yielding similar
results. This causes the progress that the solver makes close to optimally to be slow. Therefore, the
solver terminates within a tolerance of the optimal solution.
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DER and Rated Maximum Equal Proportional
node Number Power Export Dispatch Curtailment
MW MW MVAr MW MVAr MW MVAr

PV+BESS - 4 0.25 0.18 -0.18 0.22 -0.11 0.17 -0.18
PV+BESS - 5 0.25 0.18 -0.18 0.22 -0.11 0.17 -0.18
PV+BESS - 6 0.25 0.18 -0.18 0.22 -0.11 0.17 -0.18
PV+BESS - 7 0.25 0.18 -0.18 0.22 -0.11 0.17 -0.18
PV+BESS - 15 0.25 0.18 -0.17 0.22 -0.11 0.17 -0.18
PV+BESS - 16 0.25 0.16 -0.17 0.22 -0.11 0.17 -0.16
PV+BESS - 17 0.25 0.01 0.00 0.22 -0.11 0.17 0.00
PV+BESS - 18 0.25 0.01 -0.01 0.22 -0.11 0.17 0.00
PV+BESS - 21 0.50 0.34 -0.36 0.22 -0.45 0.35 -0.36

Diesel Gen. - 22 1.00 1.00 -0.40 0.22 -0.18 0.69 -0.40
Power from VPPs 242 -1.82 225 -1.51 2.43 -1.82

Power Export to grid 3.44 -1.95 3.26 -1.64 3.44 -1.95

TABLE 4.6: DSO operational limits for DER with active and reactive power control
for each of the three fairness paradigms

In both the Equal Dispatch and Proportional Curtailment paradigms, all of the control-
lable DER are able to operate in the network. The Equal Dispatch has slightly higher
network losses due to the higher utilisation of the DER at the end of feeder A. The
Proportional Curtailment results in curtailment of RES in favour of the diesel generator
because of its larger size. This may be undesirable for a DSO, who may also want to

include some form of emissions consideration in their fairness paradigm to avoid this.

4.3.4.2 Active and Reactive Power Control

In Table [4.6] it is assumed that the VPPs can control both the active and the reactive
power of the DER. For the Maximum Export and Proportional Curtailment paradigms,
the DSO operating limits are constrained both by the thermal limit of the grid connection
transformer, and the system voltages. This is due to the high amount of reactive power
that the DER are absorbing to try and mitigate high voltages in the network (specifically
the voltages at the end of feeder B). This limits the capacity of the transformer to export
active power. However, due to the control of reactive power, the amount of active power
that can be exported to the grid is increased by almost 50% compared to the case with

only active power control. By absorbing reactive power in feeders A and C the voltage at
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node 2 can be reduced, which in turn reduces the voltage magnitude at the end of feeder
B. Because the DER operating in feeder B are uncontrolled, the voltage drop in feeder B
is also uncontrolled. However, by reducing the voltage at node 2, it can be ensured that
the voltage at the end of feeder B (node 33) does not exceed the allowable limit. The
reactive power value in Table corresponds to the maximum reactive power operating
point that the DER can be dispatched at. For most of the DER this is negative. For
example for the DER at node 4 in the Maximum Export paradigm, the DER must
absorb at least 0.18 MVAr of reactive power.

In general, for the Maximum Export paradigm, resources closer to the grid connection
point are prioritised. Although, due to the reactive power control, more resources can be
utilised than in the active power control case. The DER at nodes 4, 5, 6, 7, 15, and 21
are all operating at their maximum apparent power rating, injecting active power while
absorbing reactive power. The diesel generator at node 22 is also operating absorbing

the maximum reactive power that it can.

For the Equal Dispatch paradigm the small size of the DER inverters on feeder A leads
to the larger resources on feeder C being limited in their ability to generate power. This
in turn leads to a lower active power export capability than the other fairness paradigms.
The Proportional Curtailment paradigm results in operational limits for DER as nodes
4,5, 6,7, 15, 16, and 21 that are almost identical to the Maximum Export paradigm.
Where it differs is that the DER at the end of feeder A on nodes 17 and 18 are now
allowed to operate. This comes at the cost of a more constrictive limit on the diesel
generator in feeder C. This results in a slight increase in distribution network losses.
This can be seen by the slightly larger power dispatch from VPPs in the Proportional
Curtailment paradigm compared with the Maximum Export paradigm, but without an

increase in power exported to the grid.

4.3.4.3 VPP Commercial Operation

The previous sections showed the DER operating limits that the DSO would assign
under different fairness paradigms, and control strategies for the radial network. In
this section the financial implications of the different operating limits are examined.
As a baseline, the revenues of the VPPs are compared to the case where the network

limits and all VPP operations are optimised in a single optimisation (as in the study on
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VPP Integrated Maximum Equal Proportional
Method Export Dispatch Curtailment

Active Power Dispatch

Blue VPP $28.43 $19.18 $20.34 $14.40
Green VPP $0.62 $0.01 $20.34 $14.40
Orange VPP $20.83 $23.24 $6.31 $10.66

Total $49.88 $42.42 $46.99 $39.47
Active and Reactive Power Dispatch

Blue VPP $35.32 $29.37 $37.42 $28.88
Green VPP $35.53 $15.25 $37.42 $28.88
Orange VPP $17.61 $24.36 $11.60 $21.37

Total $88.46 $68.98 $86.45 $79.14

TABLE 4.7: The total revenue that the VPPs in the radial distribution network can
accrue given the DSO operational limits.

VPP participation in multiple markets and services in Section without a fairness
paradigm. It is assumed that the cost of operation of the PV4+BESS DER is negligible.
The cost of operation of the diesel generator is assumed to be $380/MWh. In order to
ensure that it is economically viable for the diesel generator to operate, the wholesale

energy price is assumed to be $500/MWh.

In Table 4.7 the revenue for each VPP, considering both control methods for each fairness
paradigm are shown. For the active power control dispatch, even though the total power
that the VPPs can export is similar, the revenue implications of the fairness paradigms
are different. For both control strategies the Equal Dispatch paradigm is the closest
to matching the revenue from the integrated method. This is because it minimises the
use of the diesel generator in the network, which in turn reduces the operating costs
of the DER in the network. So while the Equal Dispatch paradigm exports the least
active power, it results in the highest total revenue in the network. However, this
results in reduced revenue for the Orange VPP (which includes the diesel generator).
The Proportional Curtailment paradigm most closely matches the revenues between the
three VPPs, where the Orange VPP revenue is still less, but only 25% less as opposed
to the nearly 70% less in the Equal Dispatch paradigm.

4.3.5 Results - Looped Network

Another important consideration is how the network configuration could impact the

choice of fairness paradigm or effectiveness of a specific control strategy in unlocking
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DER and Rated Maximum Equal Proportional
node Number Power Export Dispatch Curtailment
MW MW MVAr MW MVAr MW MVAr

PV+4BESS - 4 0.25 0.25 0.00 0.13 0.00 0.12 0.00
PV+BESS - 5 0.25 0.25 0.00 0.13 0.00 0.12 0.00
PV+BESS - 6 0.25 0.25 0.00 0.13 0.00 0.12 0.00
PV+BESS - 7 0.25 0.25 0.00 0.13 0.00 0.12 0.00
PV+BESS - 15 0.25 0.20 0.00 0.13 0.00 0.12 0.00
PV+BESS - 16 0.25 0.00 0.00 0.13 0.00 0.12 0.00
PV+BESS - 17 0.25 0.01 0.00 0.13 0.00 0.12 0.00
PV+BESS - 18 0.25 0.00 0.00 0.13 0.00 0.12 0.00
PV+BESS - 21 0.50 0.50 0.00 0.13 0.00 0.24 0.00

Diesel Gen. - 22 1.00 1.00 0.00 0.13 0.00 0.49 0.00
Power from VPPs 2.72 0.00 1.34 0.00 1.70 0.00

Power Export to grid 3.77 -0.11 2.45 -0.07 2.80 -0.08

TABLE 4.8: DSO operational limits for DER with active power control for each of the
three fairness paradigms in a looped network

DER flexibility. This section studies the impact of feeder A and feeder B being connected
in a loop (as in Figure [4.11), and what impact this has on the operating limits of the

DER, the best choice of fairness paradigm, and VPP revenues.

4.3.5.1 Active Power Control

Comparing the operating limits for the radial network and the looped for active power
control in Table and Table it can be seen that the loop in the network unlocks
additional power export capability. This is due to the fact that the voltage magnitude
at the end of feeder B is no longer solely determined by the voltage at node 2, but also
by voltage at node 18. The loop allows some power from feeder B to be transferred to
feeder A, reducing the voltage drop in feeder B. It can be seen that the Maximum Export
paradigm results in priority being given to the resources closest to the grid connection
point. This fairness paradigm is the one that benefits the most from the looped network
in the active power control case - increasing power export by approximately 62%. The
other fairness paradigms do not unlock as much power export capability as they required
the DER at the end of feeder A to have generation capability. If the DER at the end of

feeder A generate more than their operating limit in the Equal Dispatch or Proportional
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DER and Rated Maximum Equal Proportional
node Number Power Export Dispatch Curtailment
MW MW MVAr MW MVAr MW MVAr

PV+BESS - 4 0.25 0.25 0.00 0.14 0.08 0.12 0.08
PV+BESS - 5 0.25 0.25 0.00 0.14 -0.13 0.12 -0.12
PV+BESS - 6 0.25 0.25 0.01 0.14 0.05 0.12 0.05
PV+BESS - 7 0.25 0.25 0.01 0.14 0.08 0.12 0.08
PV+BESS - 15 0.25 0.21 0.02 0.14 0.02 0.12 0.02
PV+BESS - 16 0.25 0.00 -0.10 0.14 -0.13 0.12 -0.13
PV+BESS - 17 0.25 0.02 0.09 0.14 0.12 0.12 0.12
PV+BESS - 18 0.25 0.02 -0.08 0.14 -0.11 0.12 -0.11
PV+BESS - 21 0.50 0.50 0.00 0.14 0.25 0.25 0.33

Diesel Gen. - 22 1.00 1.00 0.15 0.14 0.00 0.50 0.01
Power from VPPs 2.75 0.11 1.38 0.24 1.74 0.31

Power Export to grid 3.80 -0.01 2.49 0.17 2.84 0.23

TABLE 4.9: DSO operational limits for DER with active and reactive power control
for each of the three fairness paradigms in a looped network

Curtailment cases, then power will start to flow from feeder A to feeder B rather than
the other way around. This would cause the voltage at the end of feeder A to exceed
the voltage at the end of feeder B, which is the voltage that is constraining the DER
operation. This is why the Equal Dispatch and Proportional Curtailment paradigms

cannot export nearly as much as the Maximum Export paradigm.

4.3.5.2 Active and Reactive Power Control

What can be noted by comparing Table and Table is that the ability of VPPs to
control the reactive power of their DER does not unlock a significant amount of extra
power export capability in the looped network. This is because the direction of reactive
power flow in the network can no longer be easily controlled by the injection/absorption
of the DER. Therefore, it cannot be used as effectively to mitigate voltage drops. Because
of this the Maximum Export paradigm unlocks substantially more export capability than
the other two paradigms, which was not the case in the radial network. If the Maximum
Export paradigm is utilised, then the looped network allows more power export than the
radial network. But for the other two fairness paradigms, adding a loop to the network

actually limits the active power export capability of the network. This is due to the
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VPP Integrated Maximum Equal Proportional
Method Export Dispatch Curtailment

Active Power Dispatch

Blue VPP $41.67 $41.67 $22.35 $20.25
Green VPP $9.58 $8.97 $22.35 $20.25
Orange VPP $30.83 $30.83 $6.93 $14.99

Total $82.08 $81.47 $51.62 $55.49
Active and Reactive Power Dispatch

Blue VPP $41.65 $41.65 $23.00 $20.77
Green VPP $11.01 $10.45 $23.00 $20.77
Orange VPP $30.83 $30.83 $7.13 $15.37

Total $83.50 $82.94 $53.14 $56.91

TABLE 4.10: The total revenue that the VPPs in the looped distribution network can
accrue given the DSO operational limits.

effectiveness of reactive power control in a radial network, which is not duplicated in the

looped network.

4.3.5.3 VPP Commercial Operation

For the looped network, the paradigm that allows the VPPs to most closely match the
revenue from the integrated method is the Maximum Export paradigm. This is due to
the large difference in the size of the operating limits that have been assigned to the
DER in the Maximum Export paradigm compared to the other two. Even though it
relies heavily on the more expensive diesel generator, this is outweighed by the additional
export capability. The Proportional Curtailment paradigm is again the most effective
at balancing revenue between VPPs. However, implementing this paradigm results in

over a 30% reduction in revenue compared to the Integrated Method.

4.3.6 Results - Soft Open Point Network

A SOP is a network flexibility asset that a DSO could use to unlock additional flexibility
in the network. To investigate how an SOP could impact the DSO assignment of DER
operating limits, a 1 MVA SOP is placed between the end of feeder A and feeder B, as

shown in Figure The operation of this SOP is constrained by (4.8)) - (4.10)).
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DER and Rated Maximum Equal Proportional
node Number Power Export Dispatch Curtailment
MW MW MVAr MW MVAr MW MVAr

SOP In - 18 1.00 -0.09 0.12 -0.26 -0.30  -0.36 0.01
SOP Out - 33 1.00 0.07 -0.23 0.24 -0.33 0.34 -0.48

PV+BESS - 4 0.25 0.25 0.00 0.25 0.00 0.21 0.00
PV+BESS - 5 0.25 0.25 0.00 0.25 0.00 0.21 0.00
PV+BESS - 6 0.25 0.25 0.00 0.25 0.00 0.21 0.00
PV+BESS - 7 0.25 0.25 0.00 0.25 0.00 0.21 0.00
PV+BESS - 15 0.25 0.25 0.00 0.25 0.00 0.21 0.00
PV+BESS - 16 0.25 0.16 0.00 0.25 0.00 0.21 0.00
PV+BESS - 17 0.25 0.00 0.00 0.25 0.00 0.21 0.00
PV+BESS - 18 0.25 0.00 0.00 0.25 0.00 0.21 0.00
PV+BESS - 21 0.50 0.50 0.00 0.25 0.00 0.41 0.00

Diesel Gen. - 22 1.00 1.00 0.00 0.25 0.00 0.83 0.00
Power from VPPs 2.91 0.00 2.50 0.00 2.90 0.00

Power Export to grid 3.92 -0.24 3.50 -0.76 3.88 -0.63

TABLE 4.11: DSO operational limits for DER with active power control for each of the
three fairness paradigms in a SOP network

4.3.6.1 Active Power Control

By looking at the results in Table[4.11]it can be seen that the SOP in the network is highly
effective at unlocking DER flexibility. For both the Maximum Export and Proportional
Curtailment paradigms the apparent power exchange to the grid is limited by the thermal
line limit of the grid connection transformer as well as the network voltages. The ability
to control reactive power injection/absorption at the end of the uncontrolled feeder B
is key to unlocking DER export capability. For the Equal Dispatch paradigm in the
SOP network, the two larger DER located at node 21 and 22 are limited by the size
of the other DER (which are exporting their maximum active power capability). This
indicates that this Equal Dispatch paradigm would also need to consider relaxing the

limit on larger DER once the smaller DER have reached their maximum capacity.
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DER and Rated Maximum Equal Proportional
node Number Power Export Dispatch Curtailment
MW MW MVAr MW MVAr MW MVAr

SOP In - 18 1.00 -0.29 0.00 -0.26 -0.30  -0.52 0.00
SOP Out - 33 1.00 0.27 -0.45 0.24 -0.34 0.49 -0.67

PV+BESS - 4 0.25 0.25 0.02 0.25 0.00 0.21 0.12
PV+BESS - 5 0.25 0.25 0.02 0.25 0.00 0.21 0.03
PV+BESS - 6 0.25 0.25 0.02 0.25 0.00 0.21 0.00
PV+BESS - 7 0.25 0.25 0.02 0.25 0.00 0.21 0.01
PV+BESS - 15 0.25 0.14 0.01 0.25 0.00 0.21 0.00
PV+BESS - 16 0.25 0.02 0.00 0.25 0.00 0.21 0.00
PV+BESS - 17 0.25 0.08 0.00 0.25 0.00 0.21 0.00
PV+BESS - 18 0.25 0.20 0.00 0.25 0.00 0.21 0.00
PV+BESS - 21 0.50 0.50 0.02 0.25 0.08 0.42 0.26

Diesel Gen. - 22 1.00 1.00 0.44 0.25 0.00 0.85 0.37
Power from VPPs 2.94 0.56 2.50 0.08 2.97 0.79

Power Export to grid 3.92 -0.04 3.50 -0.69 3.92 -0.05

TABLE 4.12: DSO operational limits for DER with active and reactive power control
for each of the three fairness paradigms in a SOP network

4.3.6.2 Active and Reactive Power Control

The ability to control DER reactive power output (results shown in Table has
an even more limited effect than in the looped network case. This is because both the
Maximum Export paradigm and the Proportional Curtailment paradigm are constrained
by the apparent power rating of the grid transformer. Additionally, the Equal Dispatch
paradigm is constrained by the size of the DER in feeder A, meaning that additional
active power cannot be sourced. This is why only in the Proportional Curtailment
paradigm does reactive power control have an impact. In this case, it allows DER
to reduce the reactive power exchange with the grid slightly, which unlocks additional

capacity for active power exchange.

The relaxing of the Equal Dispatch paradigm once a DER’s apparent power limit has
been reached may not be straightforward if there are DER that can respond to reac-
tive power control. For example, in Table (radial network) the smaller DER are

constrained by their apparent power limit due to the necessity of absorbing reactive
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VPP Integrated Maximum Equal Proportional
Method Export Dispatch Curtailment

Active Power Dispatch

Blue $41.67 $41.66 $41.67 $34.55
Green $41.67 $17.03 $41.67 $34.55
Orange $24.53 $30.75 $12.92 $25.54
Total $107.86 $89.45 $96.25 $94.64

Active and Reactive Power Dispatch

Blue $41.63 $41.48 $41.67 $35.41
Green $41.66 $18.36 $41.67 $35.41
Orange $25.12 $30.67 $12.92 $26.01
Total $108.40 $90.51 $96.25 $96.83

TABLE 4.13: The total revenue that the VPPs in the SOP distribution network can
accrue given the DSO operational limits.

power. If the larger DER are then allowed to increase their active power export, this
may lead the optimisation to reduce the active power export of the smaller DER so
that they can provide additional reactive power absorption so that the larger DER can
export more active power. This could then lead to the small DER resources being used
as reactive power support so that the larger resources can export more active power.
This would seem to contradict the Equal Dispatch paradigm unless provision of reactive
power support was also monetized. Alternatively, the Equal Dispatch paradigm could be
implemented such that the larger resources are only free to generate more if the smaller
resources reach the upper limit of their active power export capability. However, this
would result in the loss of reactive power compensation from smaller resources. In radial

networks, this reactive power compensation is crucial to reduce high network voltages.

4.3.6.3 VPP Commercial Operation

By using the SOP, the DSO can unlock flexibility in the network. This results in minimal
additional value from DERs responding to reactive power control. The Maximum Export
paradigm relies heavily on the expensive diesel generator, which results in a slightly
lower revenue than Equal Dispatch and Proportional Curtailment paradigms. These
two paradigms result in very similar revenue, even though the power export capability
from Proportional Curtailment is larger. This is again due to the expensive nature of the
diesel generator. In this case the Proportional Curtailment paradigm has high revenue,

and the most equal split of revenue across all of the fairness paradigms.
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4.3.7 Summary of Study on Distribution System Operator & VPP

Interactions

From the results of this study it can be seen that there is no clear solution as to which
fairness paradigm is the most effective. Whilst the Maximum Export paradigm manages
to export the most power in all cases, depending on the network and control strategy
other ‘fairer’ paradigms can be employed to obtain similar power export capability (such
as in the radial network). It is also noted that maximising the power export of the
network doesn’t necessarily maximise the revenue of the entities within the network as
the DSO does not consider the operating costs of the DER. This is seen in the radial
network where the Equal Dispatch paradigm exports the least power but allows the

VPPs to accrue the highest revenue.

The effectiveness of reactive power control on expanding DER operating limits varies
depending on the network structure. While highly effective in the radial network, there
was little gained by employing it in the looped network. The same is true for the SOP
network, although this is mostly because the DSO has access to a resource that uses

reactive power control to unlock flexibility so that the DER do not need to.

In general, the Proportional Curtailment paradigm provided the most balanced distri-
bution of revenues amongst the VPPs. The revenue was closely linked to the total size of
the VPP. The Equal Dispatch paradigm favoured VPPs with many smaller DER rather
than a smaller number of larger DER. How the DSO considers assigning operating lim-
its once the maximum power of the smaller DER is reached should also be considered

further to make this a more effective paradigm in a diverse network.

These operating limits set by a DSO can also be used to in conjunction with DER, that
are participating in multiple markets. For example, if the VPPs are also participating
in FCAS markets, so long as the operating limits are not violated when the VPP is

providing FCAS, then the network constraints will be satisfied.

This study shows that the proposed framework can be utilised by multiple entities
in a network. It can easily be adjusted to their needs, whether that is by adjusting
which optimisations are run, altering the objective function, or adding/removing some

additional entity specific constraints.
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4.4 Key Remarks

4.4.1 Study on VPP Participation in Multiple Markets and Services

This study is used to highlight the efficacy of the operational framework in its proposed
configuration. The framework is utilised in this study to schedule and dispatch a VPP
participating in wholesale energy, six FCAS and upstream reactive power markets and
providing FFR, inertia, and local network support services. It is seen that multi-market
participation is key to unlocking additional revenue for the VPP. The results also show
that the framework allows the VPP to effectively provide services with limited impact
on VPP revenue from other services. The method for mitigating uncertainty also allows
the VPP to react to uncertainty in market prices, load and RES generation with only
a small loss of revenue compared with perfect knowledge of the future. The choice of
segmenting the overall problem into three optimisations to maintain tractability is shown
to be a necessary measure in this work. It is also shown to be of great value as it allows
the framework to utilise receding horizon control over 5-minute intervals in a tractable

manner. This is shown to be highly valuable in the Australian market structure.

4.4.2 Study on Distribution System Operator & VPP Interactions

In this study it is highlighted that the proposed operational framework can be easily
adapted to consider different network entities, and their interactions. The operational
framework can be utilised by a DSO to set operational limits for DER in the network un-
der numerous fairness paradigms and control strategies. It can also be used by the VPPs
in the network to maximise their revenue while being restricted by the operational limits
set by the DSO. Additionally, the operation of network flexibility devices such as the
SOP is modelled. This study is used to illustrate the capability of the framework to con-
sider this form of modelling and analysis, and so does not provide extensive analysis and
conclusions. However, what is clear is that the most effective choice of fairness paradigm
can be highly dependant on network configuration and DER control strategies. They
can also be limited by the operation of the non-controlled DER in the network. Further
investigation is warranted into more detailed fairness paradigms (including alterations
to the Equal Dispatch paradigm so that it is not limited by the smallest DER, inclusion

of a cost associated with DER emissions, etc.). It should also be considered how VPPs
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may be able to manipulate different fairness paradigms (i.e., by misrepresenting their

available power), and what controls would be required to mitigate this.



Chapter 5

Characterisation and Utilisation
of Multi-Energy Flexibility from
an Electricity-Hydrogen VPP

5.1 Introduction

This chapter focuses on the multi-energy functionally of the proposed operational frame-
work. Specifically, the conversion of electricity to hydrogen (Hg) and vice versa, and how
this is used to increase the flexibility of a VPP to provide grid services and participate in
markets. Additional flexibility is available because there is now an additional degree of
freedom over which to determine the operation of the VPP. The hydrogen energy vector
is likely to be much less constrained than the electrical energy vector (e.g., there is no
instantaneous balancing of load and generation required, and there is the ability to stor-
age large amount of hydrogen over extended periods). Additionally, the resources that
couple the hydrogen and electrical energy vectors can be highly flexible in their opera-
tion in both energy vectors (as mentioned in Section . The ability to participate
in a hydrogen market is also unlocked by this multi-energy interaction. This is a key
difference between hydrogen storage, and energy storage in batteries. A VPP operator
does not need to convert the hydrogen back into electricity in order to monetize it. As
the hydrogen itself has intrinsic value, a VPP operator has both the option of arbitrage,

or direct sale of hydrogen. As these case studies contain hydrogen-based resources, the
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framework is now considering the hydrogen energy vector in addition to the electrical

energy vectors (i.e., Ho € WNon-elecy,

The first study in this chapter focuses on the characterisation of multi-energy flexibility,
and how this can translate into market participation and service provision. The oper-
ational framework proposed in this thesis is applied to an electricity-hydrogen VPP to
produce a thorough flexibility assessment. This multi-energy flexibility is deployed for
co-optimisation of several grid services and markets. Multi-energy flexibility maps are in-
troduced to illustrate VPP flexibility and to conduct post hoc analysis of its operation.
The proposed framework enables optimized deployment of time-varying multi-energy
flexibility in multiple downward and upward energy and reserve markets, and for the
provision of inertia, fast frequency response (FFR), reactive power, and local network
services, while hedging against uncertainty. This study is based on a paper written
by the author Operational Flexibility from Integrated Electricity-Hydrogen Energy Hubs

that is currently under review.

The second case study focuses on the costs to the VPP of providing contractual services.
The case study deploys the operational framework on a electricity-hydrogen VPP similar
to that proposed in the first case study in this chapter. This case study considers 10
representative days throughout 2016 to provide an estimate of the cost to the VPP of
providing contractual services - specifically local network support. The results highlight
the tight interaction between local network support and system-level market participa-
tion, and how provision of local network support can enhance the VPP’s flexibility to
maximize its market revenues. This is particularly relevant in the context of distribu-
tion system operation and emerging DER marketplaces that are constrained by local
network limits. This study is based on a paper by written the author Optimization of
Multi-Energy Virtual Power Plants for Providing Multiple Market and Local Network
Services [165].

5.2 Study on Multi-Energy Flexibility from Integrating
Electricity & Hydrogen

This study (based on a paper written by the author Operational Flexibility from In-

tegrated FElectricity-Hydrogen Energy Hubs that is currently under review) focuses on
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the characterisation and representation of the multi-energy flexibility of an electricity-
hydrogen VPP. The main consideration is how multi-energy flexibility changes when
providing FFR, participating in FCAS markets, and with varying prices for hydrogen.

To support this, some additional definitions are provided in the next section.

5.2.1 Multi-Energy System Flexibility

Flexibility maps are used in this study to visualize the theoretical flexibility available to
the VPP, as well as post hoc analysis of the VPP’s use of flexibility, and how that flexi-
bility is transferred between energy vectors. The multi-energy system (MES) flexibility
can be defined as the technical ability of a system to regulate multiple energy vectors
subject to operational constraints [69]. The key advantage of the MES is the ability to
provide flexibility through internal rescheduling of the resources (i.e., without impact-
ing input/output of other energy vectors) henceforth referred to as internal flexibility.
MES can also deploy energy vector arbitrage (i.e., shifting energy consumption/gener-
ation from one energy vector to another) to provide flexibility to the electrical vector

externally to the MES. Such flexibility is henceforth called external flexibility.

Let us define

F(t) =P(t) - P(t) (5.1)
F~(t) = P(t) - P(t) (5.2)
F(t)=FT(t)+F (t) = P(t) — P(¢). (5.3)

In - (5.3), F*(t), F~(t), and F(t) represent the upward, downward, and net flexibil-
ity available for time instance t respectively. The term P(t) is the collection of baseline
active power operating points. The terms P(t) and P(t) represent the collection of
resource maximum and minimum generation limits, respectively. The electrical flexi-
bility is usually classified as upward and downward flexibility, where upward flexibility
requires participants to inject power to the grid. This depends upon the operational
head room of the MES as given by . By contrast, the downward flexibility requires
participants to consume more power and depends upon the ability of the MES to reduce
its power generation or increase its power consumption as given by . Therefore,

upward /downward flexibility assessment always depends upon the baseline operation of
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the MES. However, the net flexibility (described by (5.3)) of a fixed set of online re-
sources remains constant, as P(¢) and P(t) only vary when a resource is turned on or

off.

Furthermore, both upward and downward flexibility can further be classified based on
whether they are provided internally (i.e., by internal rescheduling of resources whilst
maintaining operation in a secondary energy vector) or externally (i.e., through changing

the VPP operation in a secondary energy vector) to MES as:
F(t) — F+,int(t) + F—,int (t) + F—l—,ext(t) + F—,ext (t) (54)

Differentiating between internal and external flexibility is important if there are con-

straints on the export/import of the secondary energy vector.

When using flexibility to provide services and participate in markets, the flexibility pro-
vision also needs to account for market specific requirements such as response time and
call duration. Upward and downward flexibility considering these market requirements
is explicitly encoded in the framework formulation in Section [3.7.3] This ensures that
there is sufficient ramping capability, as well as power and energy headroom /footroom
to provide the flexibility required for these services. Internal and external flexibility are
not explicitly classified in the optimisation formulation. However, the way in which the
optimisation utilises flexibility will result in the use of internal or external flexibility,

depending on economic incentives and technical constraints.

5.2.2 Case Study Information

The case study considers the framework operating an electricity-hydrogen VPP. The
VPP is based on a remote area of the South Australian electricity network augmented
with solar PV and hydrogen-based technologies shown in Figure 5.1 The resources
in the VPP are given in Table The electrolyser, hydrogen-OCGT, fuel cell and
hydrogen storage located at node 26 constitute a multi-energy node, shown in Figure

It should be noted that, as the hydrogen-based resource are modelled using (3.74]), they
are modelled as having a constant efficiency. This is a simplifying assumption as part of

the modelling to help ensure problem tractability. This assumption of constant efficiency
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FIGURE 5.2: Formation of electricity-hydrogen multi-energy node in case study

during hydrogen production is seen in other literature [166]. However, electrolyser effi-
ciency is impacted by variables such as temperature and current density [167]. As part
of possible future work to increase the accuracy of the modelling of hydrogen generation,
this constant efficiency could be exchanged for a piece-wise linear approximation. Inclu-
sion of a standby operating mode [166] could also be included in future developments of

the modelling framework.

The VPP participates in electricity and hydrogen energy markets, six FCAS markets,
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Resource Size Location
Wind Farm 1 70 MW  Node 11
Wind Farm 2 66 MW  Node 20
Solar PV 1 30 MW  Node 22
Solar PV 2 30 MW  Node 24
OCGT 1 50 MW  Node 13
OCGT 2 23 MW  Node 15
Load 1 33 MW  Node 8
Load 2 23 MW  Node 9
Load 3 25 MW  Node 12
Load 4 66 MW  Node 14

Synchronous Condenser 1 20 MVar Node 16
Synchronous Condenser 2 20 MVar  Node 17

Electrolyser 30 MW Node 26
Hydrogen-OCGT 10 MW  Node 26
Hydrogen Fuel Cell 5 MW Node 26
Hydrogen Storage 100 MWh Node 26

TABLE 5.1: Resources in VPP for study on multi-energy flexibility from integrating
electricity & hydrogen

and a reactive power market, whilst also providing local network support, FFR, inertia,
and considering uncertainty over a 24-hour period. The six contingency FCAS markets
have different response times, namely, fast (6 second), slow (60 second), and delayed
(5 minutes), and for raise/lower frequency [19]. The local network support ensures
that network voltages are maintained within allowable limits (95%-105% of nominal
voltage), and ensures that thermal limits are not exceeded. FFR is provided by the
electrolyser, which must be absorbing active power with a magnitude at least 50% of
the PV generation in the VPP. If the FFR service is called, the electrolyser can reduce its
active power absorption to provide a net increase in active power injection by the VPP.
Upstream reactive power services are procured to help control transmission line voltages
[21]. In this case study it is procured by a market-based mechanism, where reactive
power absorption between 22:00-05:00 hours is requested to counteract the additional
reactive power circulating in transmission lines overnight. This service is priced at
$1/MVArh. In Australia there is a new inertia rule that states “From 1 July 2018,
TNSPs [Transmission Network Service Providers] that are Inertia Service Providers will
have an obligation to provide inertia network services if an inertia shortfall has been
identified” [27]. In this case study it is assumed that an Inertia Service Provider has
entered into a contractual arrangement with the VPP to provide a minimum level of

inertia of 330 MWs throughout the day. The price that consumers pay for their energy
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is not considered in this case study, and so the VPP does not accrue any revenue from
the consumers who are demanding the energy. The cost of curtailing load is set at
$500/MWh. The hydrogen storage starts the day with 50 MWh of stored hydrogen and

must end the day with at least the same amount.

The historical data from 27 - 28 August 2016 is used for the case study. Prices for the
wholesale energy and FCAS markets, as well as wind farm generation data are taken from
AEMO [154]. Substation load is based on data from SA Power Networks [I55], and the
solar irradiances are from the Australian Bureau of Meteorology [I56]. Uncertainty in
wind speed is modelled using Weibull distribution, where a shape parameter value of k =
2 [157] and real-world values of mean and maximum wind speed are used. Uncertainty
in solar irradiance is modelled by Beta distribution with shape parameter values of
a =4, =2 [158] and real-world solar irradiance and clear sky irradiance are used for
the distribution. Uncertainty in load is modelled using a Gaussian distribution with a
standard deviation calculated from historical load data. The market price scenarios are
taken as the dispatch prices provided by the market operator with a Gaussian distributed
error [I59]. 10,000 scenarios are considered to create the robust resource schedule via
the robust restriction technique formalized in Appendix [A] This reduces the size of the
high-level problem solved and produces a robust schedule. The receding horizon dispatch
optimisations each involve three scenarios: a “most likely”, an “under-generation”, and
an “over-generation” scenario based on the same distributions detailed above. This
helps to ensure solutions are still feasible under small constraint perturbations. These
are updated considering the latest information each time the horizon recedes (at 30-
minute intervals for the mid-level optimisation and 5-minute intervals for the low-level

optimisation).

5.2.2.1 VPP service/market portfolios

This case study explores the techno-economic impact of the electricity-hydrogen VPP
operating with different service/market portfolios. The VPP is participating in the
wholesale energy market and providing local network support in all portfolios. However,
the following considerations change between portfolios: i) FCAS participation, ii) FFR
provision, and iii) hydrogen prices. The service/market portfolios considered in the case

study are listed in Table and named according to the following convention:
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Portfolio Name FCAS Provision FFR Provision Hydrogen Price

FCnFRn30 No No $30/MWh
FCyFRn30 Yes No $30/MWh
FCyFRy30 Yes Yes $30/MWh
FCyFRn60 Yes No $60/MWh
FCyFRy60 Yes Yes $60/MWh
FCyFRn90 Yes No $90/MWh
FCyFRy90 Yes Yes $90/MWh

TABLE 5.2: Portfolio descriptions for the study on multi-energy flexibility from inte-
grating electricity & hydrogen

e I'C and FR indicates the FCAS and FFR services.

e y/n following FC and FR indicates whether VPP is participating in the particular

service or not.

e Last two digits indicate hydrogen prices in $/MWh.

For example, FCyFRn30 represents a portfolio where the VPP is participating in FCAS
markets but not providing FFR and considered hydrogen price at $30/MWh. Moreover,
the provision of reactive power to the upstream network is considered in all portfolios,

except FCnFRn30.

5.2.2.2 Computation time

This case study contains 15 resources, 26 nodes, and 26 lines and is implemented in
MATLAB with YALMIP as a parser and Gurobi as the solver. The robust restriction
of the day-ahead unit commitment problem is solved in under 1 second. To show that
the high-level optimisation is also suitable for use with scenario-reduction techniques,
a 100-scenario optimisation was solved without the use of the robust restriction. This
100-scenario optimisation was solved in approximately 10 minutes. This is a significant
number of scenarios when combined with scenario-reduction techniques, and a 10-minute
solution time is acceptable for day-ahead scheduling purposes. The 30-minute receding
horizon preliminary dispatch is solved on average in around 70 seconds. The 5-minute

receding horizon dispatch optimisation is solved in 1-2 seconds.



Characterisation and Utilisation of Multi-Energy Flexibility from an

Electricity-Hydrogen VPP 129
[ Downward flexibility Bl Upward flexibility ---- VPP dispatch —FFR ---- Fast lower
—Fast raise ---- Slow lower ——Slow raise  ---- Delayed lower —— Delayed raise
100 T T T 100 - T
80 80 -
60 60 -
40 40
20 20 |,
2 0 0
=3
o -20 -20
-40 40F A
-60 60 [ R
-80 -80 i el
-100 100+ '
-120 ! ! . 120 I I !
06:00 12:00 18:00 00:00 00:00 06:00 12:00 18:00 00:00
Time (hours) Time (hours)

FIGURE 5.3: (Left) Available upwards/downwards flexibility and VPP participation

potential for different services for FCyFRy30. (Right) Actual upwards and down-

wards flexibility committed for VPP participation for different markets and services
in FCyFRy30.

5.2.3 Results
5.2.3.1 Operational Flexibility

From an operational perspective, the flexibility from a VPP can be divided into upward
and downward flexibility depending upon the status of resources and baseline opera-
tion (i.e., dispatch) of the VPP. This can then be further quantified to calculate the
VPP market participation potential and potential to provide services to the electrical
grid. The flexibility potential of the VPP for FCyFRy30 to bid into different markets
is shown in Figure (Left), whereas its actual commitment determined by the oper-
ational framework is shown in Figure (Right). Mostly the VPP fully commits the
available upwards and downward flexibility. A notable exception is FFR, which is only
committed to match the required FFR provision for the PV within the VPP, as there
is assumed to be no additional market for FFR. Another exception is fast lower FCAS
participation between 06:00-09:00 hours. During this time the price of fast lower FCAS
is intermittently $0/MWh and so there is no incentive for the VPP to fully participate

in the market.

In limited time periods the flexibility committed to participate in services is slightly

greater than the available flexibility shown in Figure (Left). This is because, for
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this case study, the operational framework does not ensure voltage constraints are met
in the event of FCAS being called, only that line thermal constraints are not breached.
Rather, it only ensures VPP dispatch does not violate voltage constraints. If FCAS
participation was called in times of these slight differences in flexibility it would entail

a small, temporary violation of the local voltage constraints.

The VPP utilises its upward and downward flexibility to simultaneously participate in
different services. The upward flexibility is used to provide FFR and raise FCAS services,
while the downward flexibility is used to provide lower FCAS services. The periods of
large reduction in downwards flexibility around 06:00 hours and after 18:00 hours are due
to the electrolyser being turned off during those times. The peak in upwards flexibility
just after 12:30 hours is from the electrolyser operating at a high load level to provide
FFR for the PV. This illustrates the flexibility that is available from hydrogen-based

resources (most visibly the electrolyser due to the size).

This flexibility also represents the extent to which the VPP can alter its operation
throughout the day to responded to uncertainty. This is illustrated by the three dips in
active power export in the early morning in Figure In the pre-dispatch optimisation
this operation did not occur because the VPP forecast did not predict the negative
prices that occurred at these times. The VPP is using a large amount of the downward
flexibility available to it to respond to this realisation of uncertain energy prices during

these times.

For market-based flexibility services, such as FCAS, the VPP optimally assigns its flex-
ibility across all markets, including energy markets (both electricity and hydrogen) to
maximise its revenues. For contracted services the VPP reserves a portion of its flexi-
bility to provide these services. For example, during the intervals with PV generation
when the VPP is obligated to provide FFR. In the presence of the network constraints
the flexibility from the VPP is a function of both active and reactive power. This is
shown in Figure for six representative time instances. Particularly for the time in-
terval at 12:50 hours, where it is evident that the upward flexibility potential changes

with increase/decrease of the reactive power export.

The upward flexibility provided by the VPP is chiefly through load curtailment and
occasionally through headroom of the generators. The majority of the VPP’s downward

flexibility comes from the ability of generators to curtail their output. The large drop in
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FIGURE 5.4: Dynamic active/reactive flexibility maps of the VPP for FCyFRy30 at
times 00:10 hours, 03:50 hours, 08:30 hours, 12:50 hours, 18:05 hours and 20:30 hours.

VPP dispatch at around 04:00 hours (due to the curtailment of wind energy in response
to negative wholesale energy prices), results in a very small downward and a large upward
flexibility potential, as illustrated in Figure 5.3l This is also shown in Figure [5.4], where
VPP operation at 03:50 hours is close to the lower boundary of active power and therefore
resulted in large upward flexibility potential. It is also clear from considering Figure
that the flexibility maps for 18:05 and 20:30 hours are of a smaller size than the previous
ones. This is due to the electrolyser not being scheduled during these time periods. This

reduction in net flexibility is as described in ([5.3)).

5.2.3.2 Multi-Energy Flexibility

The VPP couples electricity and hydrogen energy vectors as it includes an electrolyser,
a hydrogen-OCGT and a fuel cell, and could also utilise network arbitrage flexibility
(flexibility provision for one energy vector by leveraging flexibility of another energy
vector [69) [168]). The individual characteristics of the three resources are shown in
Figure (left). The scale on the y-axis denotes the electrical active power converted to
(negative) and from (positive) the hydrogen vector. The discontinuity in the resources P-
Hs characteristics is due to the minimum stable generation requirement of the resources
and results in disjoint and non-convex operating envelopes as seen in Figure (right).
Therefore, the flexibility for MES is the ability of the system to modulate within the

specific operating envelope.
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FIGURE 5.5: Individual characteristics of electricity-hydrogen coupling resources (left)
and operating envelopes (right) formed by different combinations of electrolyser, fuel
cell and hydrogen-OCGT, in bi-dimensional P-Hs space.

These operating envelopes represent the aggregated dispatch points of the hydrogen-
based resources and are determined here by the Minkowski summation of individual
characteristics of the resources [69], as all of the hydrogen resources are located on the
same node. Note that commitment variations of the hydrogen-based resources at node 26
could result in eight different combinations, and the relevant operating envelope for each

interval is determined by the commitment decisions made by the high-level optimisation.

The operating envelopes are instrumental to understanding and quantifying the flexibil-
ity from energy vector interaction and applies both externally (e.g. arbitraging between
electricity and hydrogen vectors) and internally (e.g. by modulating internal dispatch
factors between resources). The net flexibility provided by hydrogen to the electrical
vector (calculated by ) for different combinations of committed resources is men-
tioned in Table In general, a larger difference between the maximum and minimum
active power of the operating envelope represents higher energy vector arbitrage flexi-
bility that can be provided to the electrical from the hydrogen vector. In case of only
one online resource the flexibility can only be provided to the electrical side at the cost
of hydrogen vector (i.e, externally to MES), and upward/downward flexibility vary as a
linear function of active power operating point and is also linearly related to hydrogen
consumption/generation. However, in the case of multiple committed resources, flexi-

bility to the electrical vector can either be provided externally to MES or internally to
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Committed Resources Flexibility (MW)
None 0
Hydrogen-OCGT 8
Electrolyser 25.5
Fuel Cell 4.5
Hydrogen-OCGT & Electrolyser 33.5
Hydrogen-OCGT & Fuel Cell 12.5
Electrolyser & Fuel Cell 30
Hydrogen-OCGT, Electrolyser & Fuel Cell 38

TABLE 5.3: Flexibility available from hydrogen to electrical vector for various combi-
nation of online hydrogen resources.

-y:(—),ext !f'mt -y:(—f—),ea:t

40 OCGT & Electrolyser OCGT & Fuel cell
30|

20|

-
o

Fuel cell & Electrolyser OCGT & Electrolyser & Fuel cell

Flexibility (MW)
5 o

w
o

N
o

10t

40 -20 0 20 -40
H,, (MW)

FIGURE 5.6: Internal and external flexibility potential of the VPP as a function of
hydrogen consumption, for various combination of resources.

MES, that is by changing the internal dispatch factors of the resources in such a way

that the aggregated hydrogen consumption remains the same.

The upward/downward external (F /=€) and internal flexibility (F"*) as a function
of the hydrogen vector is shown in Figure Note that the distribution of internal
flexibility into upward and downward components is a function of the electrical vector
operating point and cannot be defined by the hydrogen vector alone. Economically, it is

more viable to provide flexibility to the electrical vector at the expense of the hydrogen
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FiGURE 5.7: The aggregated dispatch points of hydrogen-based resources, against

operating envelopes (OE) for FCnFRn30, FCyFRn30, and FCyFRy30 along with the

probability density functions for operation in (left) active power and (bottom) hydrogen
vectors.

vector (flexibility external to MES), rather than through dispatch factor modulation
(flexibility internal to MES) to minimize losses, and also because the hydrogen system
is more flexible due to sufficient local storage and lack of network constraints. The
commitment of the electrolyser with either hydrogen-OCGT or fuel cell results in higher
losses, and therefore the electrolyser will be committed along with the OCGT or fuel
cell only if there is sufficient financial incentive available from the various services and

markets.

The aggregated operating points of the hydrogen resources in the P-Hy bi-dimensional
space for the study day are shown in Figure for FCnFRn30 (black), FCyFRn30
(blue), and FCyFRy30 (red). The time series upward/downward flexibility and aggre-
gated operating point of the hydrogen resources is shown in Figure In FCnFRn30
(Figure (top)), the operation of the hydrogen-based resources is solely governed by
the electricity and hydrogen prices (as VPP is participating in energy markets only).
Therefore, in this case there is no instance where the electrolyser is committed along with
either hydrogen-OCGT or fuel cell, evident from the confinement of the black dots ei-
ther to electrolyser or hydrogen-OCGT and fuel cell operating envelopes. In FCyFRn30,
where the VPP is also providing FCAS along with participation in energy markets, the

combination of electrolyser, hydrogen-OCGT and fuel cell is dispatched to maximise
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Ficure 5.8: Upward flexibility and downward flexibility contribution from the
hydrogen-based resources for (top) FCnFRn30, (middle) FCyFRn30, and (bottom)
FCyFRy30.

revenue, based on prices of different markets, as shown by the probability histograms
in Figure and time series of Figure (middle). This represents an increase in
operational hours of the hydrogen-based resources. In FCyFRy30, the VPP is also pro-
viding FFR services. During intervals of high electricity price and PV generation the
combination of hydrogen-OCGT and fuel cell is dispatched to generate revenues from
the energy market and the electrolyser is online to fulfil FFR obligations, as represented
by a few red operating points in the largest sub-region in Figure The Figure [5.8
(bottom) and probability density function of Figure also show a further increase
in the activity of the hydrogen-based resources, represented by the shift in the peak of
probability density functions towards negative values of active power and positive values

of hydrogen.

Collectively from Figure and Figure |5.8| it can be observed that there is a direct
link between an increase in electrolyser operation and FFR provision. Moreover, VPP
participation in FCAS (i.e FCyFRn30 and FCyFRy30) results in the fuel cell being
scheduled at the same time as the electrolyser and usually dispatched at minimum
power to provide maximum upward flexibility. This indicates a greater associated value
for upwards flexibility than the cost of hydrogen and the electrical inefficiency associated

with the fuel cell and electrolyser operating at the same time. This phenomenon is not
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FIGURE 5.9: Flexibility maps in power and hydrogen vector space, of the hydrogen-
based resources for FCyFRy30 for time instances 00:10 hours, 07:10 hours, 11:20 hours,
19:40 hours and 23:20 hours

present in FCnFRn30 where the VPP only participates in the energy market. This is

due to the lack of financial incentives.

Each time interval represented in Figure [5.8] is representing the active power dimension
of the corresponding operating envelope, seen in Figure for five intervals. This
again highlights that the net availability of multi-energy flexibility is controlled by the
scheduling of resources. There is also clearly a large difference in available flexibility
when multiple resources are scheduled concurrently (compare net flexibility at 07:10

hours vs net flexibility at 19:40 hours).

5.2.3.3 VPP Multi-Market Revenues

Beside energy and FCAS markets (considered for economic analysis in this section), the
VPP can also participate and generate revenues from other non-market services, such as
inertia provision, FFR, and local network support. The provision of these services will
influence the operation of the VPP. Therefore, the economic analysis presented in this
section should be considered alongside possible contractual service revenues. However,
the aim of the economic analysis in this case study is not to provide a comprehensive

assessment of VPP revenue for cost-benefit analysis or formation of business cases. The
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F1GURE 5.10: Revenue generation across case study days with differing hydrogen prices

aim of the economic assessment in this case study is to examine how the utilisation of

VPP flexibility changes when exposed to different market/service portfolios and prices.

The different revenue generation strategies of the VPP with different hydrogen prices
are shown in Figure When hydrogen price is $30/MWh there is very limited
hydrogen revenue, as the average wholesale energy price for the case day is approximately
$40/MWh. Therefore, considering conversion losses it is not often economically viable
to convert electricity to hydrogen to sell. Instead, if there is hydrogen being generated
(for example by the electrolyser providing FFR) it is more likely to be converted back
into electricity to provide electrical energy arbitrage. At a hydrogen price of $60/MWh
there is a marked increase in hydrogen production throughout the day as the hydrogen
price is now sufficiently higher than the average wholesale energy price. There are large
periods throughout the day when creating hydrogen to sell is economically viable. This
is seen when comparing FCyFRy30 to FCyFRy60. The latter now buys wholesale energy
for much of the afternoon, where the former sells wholesale energy. When hydrogen is

priced at $90/MWh the VPP generates and sells even more hydrogen, importing large
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amounts of energy in the latter half of the day to do so. The VPP operation is also less
sensitive to the fluctuations in wholesale energy prices. This is because the high hydrogen
price means that the change in electrical energy price required to economically justify
conducting electricity-hydrogen-electricity arbitrage is very high. This can be seen by
the reduced energy revenue peaks at 07:00 hours and 18:30 hours for FCyFRy90. It can
also be seen that during the middle of the day in FCyFRy60 and FCyFRy90 the VPP
is generating additional revenue from FCAS markets. As the hydrogen-based resources
are scheduled more frequently in these cases, the net flexibility of the VPP is larger, and

therefore it has greater capability to participate in these FCAS markets.

When hydrogen has a low value the VPP arbitrages electrical energy across time to sell
electricity at its highest price at the cost of hydrogen production. When hydrogen value
increases the VPP moves towards arbitraging electrical energy across energy vectors
to sell hydrogen by actively buying electricity. This shows how the VPP is optimally
arbitraging across multiple markets and energy vectors depending on the relative prices

of the markets.

The impact of changing hydrogen prices, and provision of FCAS and FFR on the total
daily revenue is shown in Figure Access to more outlets for the VPP to monetise
its flexibility (i.e. FCAS market and hydrogen market participation) leads to greater
revenue. Comparing revenue from FCnFRn30 and FCyFRn30 shows that participation
in FCAS markets also leads to an increase in hydrogen revenue. The additional revenue
the electrolyser can accrue from FCAS while operational acts to effectively reduce the
threshold energy price at which the VPP can profitably create hydrogen to sell. FCAS
revenue is substantial across all cases and varies relatively little, highlighting the non-
competitive relationship between FCAS and energy markets. The VPP avoids the need
for costly load curtailment during the case studies, and the reactive power support price
is very small compared to the other markets. Therefore, neither appear prominently in
Figure The provision of FFR reduces VPP overall revenue slightly, due to some
VPP flexibility being reserved to provide that contractual service. However, it is again
noted that the revenue that the VPP would accrue from contractual services, and from
selling energy to consumers, has not been considered in this analysis. Increasing the
hydrogen price reduces the amount of revenue the VPP generates from the wholesale
energy markets, and eventually at a hydrogen price of $90/MWh the VPP actually has

a net loss in the wholesale energy market. This is due to the large amount of energy
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F1GURE 5.11: Total daily revenue of the VPP across cases

being procured to create hydrogen. It is apparent that the value obtained from selling
hydrogen in this case vastly outweighs the loss in revenue from the wholesale energy

market.

5.2.4 Summary of Study on Multi-Energy Flexibility from Integrating
Electricity & Hydrogen

The multi-market VPP operational framework that is proposed in this work allows the
multi-energy VPP in this case study to provide network services whilst participating
in multiple markets to maximize VPP profit considering uncertainty. The increased
flexibility from aggregating multi-energy DER into a VPP is shown through flexibility
maps and allows DER to be used to effectively provide network services. Furthermore,
this flexibility is considered across multiple time scales and can be optimally divided
amongst multiple services and markets to maximise the revenue accrued by the VPP.
Utilising multiple energy vectors allows a VPP to conduct inter-energy arbitrage as well
as intra-energy arbitrage to unlock further flexibility. If there are multiple resources
pairing energy vectors it is also possible to provide flexibility in one vector (electricity)
without changing the net operation in the other vector (hydrogen). The VPP can
manage multiple energy vectors; can effectively respond to changing price signals; and

can prioritise energy vectors/markets depending on their value.
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Resource Size Location
Wind Farm 1 70 MW  Node 11
Wind Farm 2 66 MW  Node 20
Solar PV 1 30 MW  Node 22
Solar PV 2 30 MW  Node 24
OCGT 1 50 MW  Node 13
OCGT 2 23 MW  Node 15
Load 1 33 MW  Node 8
Load 2 23 MW  Node 9
Load 3 25 MW  Node 12
Load 4 66 MW  Node 14

Capacitor Bank 1 20 MVar Node 16
Capacitor Bank 2 20 MVar Node 17
Electrolyser 30 MW Node 26
Hydrogen-OCGT 10 MW  Node 26
Hydrogen Fuel Cell 5 MW Node 26
Hydrogen Storage 100 MWh Node 26

TABLE 5.4: Resources in service provision from multi-energy flexibility case study VPP

5.3 Study on Cost of Service Provision from Multi-Energy
Flexibility

The first case study in this chapter establishes that multi-energy flexibility can be effec-
tively used to participate in market and provide services. This second case study focuses
on the costs to the VPP of providing services, specifically local network support. Addi-
tional to the methodology detailed in Chapter (3| this case study also considers capacitor
banks in the VPP network. To account for the voltage dependence of the reactive power
output of capacitor banks, is included in the mid-level optimisation and low-level

optimisation for capacitor bank modelling.

Gt QuVr,s(t) < Qus(t) < Gt Qrvn,s(t) (5.5)

5.3.1 Case Study Information

This study considers an electricity-hydrogen VPP illustrated in Figure (very similar
to the VPP considered in the first case study in this chapter) with constituent resources

as detailed in Table
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FIGURE 5.12: Single line diagram for multi-energy VPP in service provision from
multi-energy flexibility case study

The VPP participates in wholesale energy, hydrogen, six FCAS markets, and an up-
stream reactive power market. This multi-market participation is key to determining an
accurate value for the cost to the VPP of providing local network support. The VPP
is providing local network support by ensuring that network voltages are maintained
within allowable limits (95%-105% of nominal voltage), and ensuring that thermal lim-
its are not exceeded. To assess the annual cost of providing local network constraint
alleviation, the case study considers ten representative days for the year of 2016. These
are a representative weekday and non-weekday for each season as well as a high-price
and a low-price day. The dates, excess RES, and average wholesale energy price for
each representative day is shown in Table Historical prices for the wholesale energy
and FCAS markets, as well as wind farm generation data are taken from AEMO [154].
Substation load is based on data from SA Power Networks [I55], the solar irradiances
are from the Australian Bureau of Meteorology [156]. It is assumed that hydrogen can
be sold at $30/MWh and that the cost of curtailing load is $500/MWh. The hydrogen-
based resources are located at node 26, and create the multi-energy node illustrated in
Figure The level of stored hydrogen is assumed to be 50 MWh at the start of the

day, and must end the day with at least the same amount of stored energy.
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Representative Days Date Excess RES Average Energy
of 2016 Generation (MWh) Price ($/MWh)
Spring Weekday 23 November -253 47.65
Spring Weekend 19 November -296 37.46
Summer Weekday 23 December -201 41.15
Summer Weekend 30 January 265 22.86
Autumn Weekday 21 March -499 55.30
Autumn Weekend 20 March -472 55.28
Winter Weekday 10 June -138 53.81
Winter Weekend 18 June -409 71.05
High Price Day 01 November -285 84.93
Low Price Day 22 May 629 12.97

TABLE 5.5: The representative weekday and weekend day for each season as well as a

high price day and a low price day. The amount of excess RES generation after VPP

loads have been considered is also shown (a negative value infers there is more load

than RES generation throughout the day). The average wholesale energy price for the
day is also included.

5.3.1.1 Computation Time

This case study is implemented in MATLAB with YALMIP as a parser and Gurobi
as the solver. For the considered case study the daily high-level optimisation considers
eight scenarios and contains approximately 300,000 variables and approximately 755,000
constraints. Once posed, this optimisation is solved in 7-8 seconds. The mid-level op-
timisation considers three scenarios and contains approximately 200,000 variables and
approximately 325,000 constraints. On average, the solver finds a solution to this prob-
lem in 90 seconds. The low-level optimisation considers three scenarios and contains
approximately 25,000 variables and approximately 37,000 constraints and is solved and
checked by AC load flow in under a second. It is worth noting that through all 480
mid-level optimisations that were conducted to model the 10 representative days, there
was a single optimisation that failed to solve as Gurobi encountered a numerical issue.
However, the receding horizon approach allows the framework to assign the VPP oper-
ating points from the previously solved optimisation for the current time step, and then
conduct a new optimisation once the horizon recedes. This is an additional benefit of

conducting the optimisations in a receding horizon fashion.

It is clear from the solution time for the high-level optimisation of 7-8 seconds that this
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approach is suitable for larger networks than this current test network. There is also
scope to increase the size of the problem, for example by reducing the time step length in
the optimisation. However, care should be taken when considering these changes as doing
so increases the number of integer variables in the MILP, increasing the computational

complexity of the problem.

5.3.2 Results
5.3.2.1 Revenue Streams from Representative Seasonal Days

For the representative autumn weekday, the VPP contains 1.35 GWh of demand, and
1.08 GWh of renewable generation. The energy market has a peak of $328/MWh and
an average price of $55.30/MWh. Figure shows how the revenue/costs of the
VPP change throughout the day for the representative autumn weekday, responding
to changing market prices and load requirement/generation availability to maximise
overall profit, whilst providing local network support. For most of the day there is less
renewable generation than load, therefore the VPP must import energy from the grid
or generate power from OCGTs. However, due to wholesale energy price spikes during
the early morning, the VPP manages to reduce its energy import to reduce costs (and
for a brief window export energy to generate revenue) by using the stored hydrogen to
generate energy through the hydrogen-OCGT as well as by using a traditional thermal
OCGT. The use of these operationally expensive OCGTs is the cause of the increased
operating cost between 05:00-07:00 hours. In the middle of the day the VPP revenue is
positive due to the PV providing excess energy to the VPP which is sold to the grid. The
electrolyser is scheduled during low-price times in the morning and evening to generate
hydrogen for the hydrogen-OCGT to use when it is scheduled during the morning and
evening price peaks. It can also be seen that the VPP is consistently generating positive

revenue from the FCAS markets throughout the day, albeit a relatively small amount.

Looking at the representative winter weekday revenue in Figure as another example
of VPP operation it can be seen that there is more variation in the participation and
revenue from different markets. In the early part of the day, the VPP leverages the low
wholesale energy prices to generate hydrogen. This is sold in the hydrogen market, as

well as being used by the hydrogen-OCGT and fuel cell to generate electricity to respond
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FIGURE 5.13: VPP revenue streams throughout representative autumn weekday
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FIGURE 5.14: VPP revenue streams throughout representative winter weekday

to the spikes in wholesale energy price between 06:00 - 09:00 hours. However, unlike
the representative autumn weekday, in this case the price spike is not large enough to
warrant to dispatch of the traditional thermal OCGTs. In the evening the VPP does
not have sufficient generation to cover all of the load it supplies. Therefore, it needs to
buy energy from the grid. However, it does manage to generate significant profit from

the FCAS markets during this time.
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FIGURE 5.15: Active and reactive power imported by VPP on representative autumn
weekday, with and without provision of local network support (LNS)

5.3.2.2 Provision of Local Network Support

Figure shows the active and reactive power absorbed by the VPP from the grid on
the representative autumn weekday when the VPP is providing local network support,
and when it is not. The ability of the VPP to export active power is not hindered by
the requirement to provide local network support, except for a couple of hours after
06:00 hours when the OCGTSs are exporting. Apart from this, local network support
can be provided solely by controlling the reactive power injection and absorption of the
VPP resources. This can be seen in Figure .15 where the reactive power imported from
the grid will often mirror the active power import when local network support is being

provided.

Changing the VPP reactive power operating point to provide local network support can
cause the active power operating point to move, and this could effect the capability of
the VPP to participate in active power markets. Figure shows the flexibility maps
of the VPP (created using the method proposed in [70]) at various times during the
representative autumn weekday. These maps show the feasible operating region (FOR)
of the VPP at different times, as well as the magnitude of the possible active/reactive
power bids that the VPP could offer to six contingency FCAS markets. In general,
the provision of local network support has little or no effect on the active power set

point of the VPP. As such it has minimal effect of the FCAS capability of the VPP. In
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FI1GURE 5.16: Flexibility maps for FORs of the VPP for representative autumn week-
day for active and reactive power absorbed by the VPP. t 4 to tp are 00:20, 03:25, 06:10,
12:25, 16:35 and 21:50 hours respectively.

Local Network Minimum Maximum Time Spent
Support Voltage (p.u.) Voltage (p.u.) Outside Limits
Yes 0.9504 1.0543 0.99%
No 0.8797 1.1864 8.22%

TABLE 5.6: Minimum and maximum voltage magnitudes in the network for autumn
weekday when local network support is provided and when it is not.

general it can be seen from Figure that increasing generation of real/reactive power
reduces the VPP’s ability to generate reactive/real power. This is expected due to the
overarching limits on apparent power flow/generation in conjunction with nodal voltage
limitations. The largest change in operating point can be seen in Figure tc. This
is around the time that the active power operating point of the VPP when providing

local network support deviates from the active power operating point when it does not

(shown in Figure [5.15)).

The effectiveness of this local network support is evident from Table It shows the
range of local network voltages with and without local network support for the autumn

weekday. These voltage ranges are also represented visually in Figure It should be
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FI1GURE 5.17: The voltage range of each node in the network for the representative
autumn weekday when the VPP is providing local network support (LNS) and when it
is not.

noted that these values are obtained from the non-convex AC load flow verification stage
of the framework. The fact that when providing local network support the voltages can
be slightly outside the set voltage limits highlights the slight loss of accuracy from using
a relaxation of the power flow equations. However, these voltage violations are few, and
very close to the limits. Therefore, this could be addressed by slightly tightening the
limits in the convex optimisation to allow for this small inaccuracy. When local network
support is not provided, the voltages have a much larger range of values and spend more
time outside of the nominal voltage band. The system operator might therefore force
the VPP to curtail its generation to maintain the network operation within allowable
limits. So, this local network support can also be viewed as enlarging the operational
envelope of the VPP to be able to provide more active power services without risk of

curtailment by the system operator.

5.3.2.3 Cost of Provision of Local Network Support

The annual revenue from different operational aspects and the net revenue of the VPP
with and without local network support is shown in Figure[5.18] where a negative amount
of revenue represents cost. The annual net revenue is calculated as the revenue minus

cost over a year. Over the course of the year, considering load and renewable generation
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FI1GURE 5.18: Estimate of the yearly VPP revenue broken into the different costs and
revenue streams (without considering revenue for energy sold to energy retailers)

in the VPP, it would need to access an additional 50 GWh of energy (as revenue from
selling energy to retailers downstream is not included in this graph), either by buying
the energy from the grid or using its non-renewable generation. This is why the VPP has
an annual net cost rather than an annual net revenue. When providing local network
support, the net cost of the VPP increases by about $303,000 compared with the no local
network support case. The main differences come from the wholesale energy market and
device operation costs, while the differences in revenues from FCAS, hydrogen export
and costs of load curtailments are minor. An increase in the costs of wholesale energy
market and a decrease in device operation cost are observed when considering local
network support. This is mainly because, in order to provide local network support, the
active power export/import of VPP can be constrained, especially during the extreme
high/low wholesale price periods (it is noted that 95% of the yearly revenue that is
lost is from the High-Price day). As a result, there is a reduction in the revenue of
exporting/importing electricity during extreme high/low price periods, when the VPP
can obtain most revenues. Meanwhile, as less electricity is exported, there is also a
reduction in the device operation costs. It should be noted that for the cases when
the VPP does not provide local network support, forced curtailment by the network
operator has not been considered. This occurrence could greatly reduce the revenue of

the VPP when not providing local network support.

To provide a more comprehensive yearly revenue analysis it is assumed that the VPP has
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FI1GURE 5.19: Estimate of the yearly VPP revenue broken into the different costs and
revenue streams with consideration of revenue for energy sold to energy retailers

a contractual agreement with retailers downstream of the load substations to sell energy
at a flat rate of $30/MWh (in the previous analysis no revenue from selling energy to the
downstream consumer was considered). As can be seen in Figure this has a massive
impact of the yearly revenue of the VPP (although due to the contractual nature of
the arrangement, this does not impact the optimisation results). In fact, this energy
sold to energy retailers is worth over $15 million each year. This indicates that the
VPP would be accruing revenue over the year. The absolute impact of providing local
network support is still the same, costing the VPP about $303,000 a year. However,
this is now a much lower percentage of VPP revenue, representation about 2.2% of VPP
yearly revenue. The value from this assessment could be used by a VPP operator to
inform the price they would associate with local network support contracts they may

enter into.

The impact of considering energy sold to retailers on the value-stack of the VPP for
each of the 10 representative days is shown in Figures and It can be seen that
summing the revenue from selling energy to retailers and the cost of buying wholesale
energy results in net revenue in all of the representative days. Additionally, the average
wholesale price for 2016 was higher than $30/MWh, so the VPP could possibly generate
even more revenue by increasing the price of the contract with retailers, reducing the
percentage loss of providing local network support even further. However, this would not

change the absolute cost of providing local network support. Figures and also
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F1GURE 5.20: The total daily revenue of the VPP for each of the 10 representative
days (without consideration of revenue from energy retailers)

100

I I I I I I I \
IFcAs  [Energy Retailers [ Operating Costs ¢+ Total Revenue
Il Hydrogen Il Curtailment [IWholesale Energy

80

60

40

20

Revenue ($ 000's)

1 1 1 1 1 1
SprWdy SprWnd Sum Wdy Sum Wnd Aut Wdy AutWnd Win Wdy Win Wnd Low Price High Price

40 | | | |

F1GURE 5.21: The total daily revenue of the VPP for each of the 10 representative
days with consideration of revenue from energy retailers

highlight the importance of including multi-market participation when considering the
associated cost of providing local network support, as on all of the days the additional

markets play a significant role in determining VPP operation and revenue.
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5.3.3 Summary of Study on Cost of Service Provision from Multi-

Energy Flexibility

This case study demonstrates that for most of the time the VPP is able to provide local
network support without altering its active power output. So, in most circumstances
these services have limited impact on the VPP’s participation in energy, FCAS, and
hydrogen markets. However, during extreme pricing events the VPP operates close to
the edge of its FOR and so may not be able to provide local network support without
altering its active power output. Because of the active power curtailment in these
extreme scenarios, there is a difference in the VPP revenue generation when the VPP is
providing local network support and when it is not. However, when revenue from selling
energy to downstream retailers is considered, this difference in revenue is relatively small.
Overall, this case study clearly demonstrates the tight interaction between local network
support and system-level market participation. VPP flexibility can be utilised to provide
local network support while maximising its market revenues. This is particularly relevant
in the context of distribution system operation and emerging DER marketplaces that

are constrained by local network limits.

5.4 Key Remarks

5.4.1 Multi-Energy Flexibility from Integrating Electricity & Hydro-

gen

This case study considers an electricity-hydrogen VPP and characterises and quantifies
the multi-energy flexibility available to the VPP. It is also shown how this flexibility can
be assigned to specific markets and grid services. A clear link between available flexibility
and scheduling of resources is drawn. It is seen that sufficient financial incentives can
give rise to resources that create hydrogen and those that utilise hydrogen operating
simultaneously. This would not be seen without multi-market participation, as it leads
to reduced operating efficiency. However, it also leads to additional flexibility that can
be used to provide grid services and participate in markets. It is also shown in the case
study that the operating framework allows the VPP to effectively adjust its operating

strategy in light of differing market/service portfolios to maximise its revenue.
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5.4.2 Cost of Service Provision from Multi-Energy Flexibility

This case study also considers an electricity-hydrogen VPP. However, the focus of this
case study is on the provision of local network support, and the cost to the VPP of
providing such a service. Ten representative days throughout 2016 are considered to
be able to estimate the yearly revenue of the VPP when it is providing local network
support, and when it is not. Multiple markets are considered to help ensure that an
accurate value of VPP revenue is considered. The results show that for the majority of
the time the VPP can effectively provide local network support utilising reactive power
control. In extreme scenarios, the VPP requires the use of active power curtailment to
maintain network limits. This results in lost revenue for the VPP, around $303,000 per
year. However, the VPP is extremely effective at providing this local network support,
and without it the network operator would likely need to take action (such as forced
curtailment) which could also reduce VPP revenue. Participating in multiple markets
has a marked effect on VPP operating and revenue, and is therefore important when

considering the cost of providing local network support.



Chapter 6

Techno-Economic Analysis of an

Electricity-Hydrogen VPP

6.1 Introduction

In this chapter, a case study is examined to highlight how the proposed operational
framework can be used for a techno-economic assessment to inform a business case for
an electricity-hydrogen (Hy) VPP. Multiple markets and contractual services are con-
sidered for VPP participation to maximise its profits. Additionally, multiple possible
VPP configurations (each containing a different set of resources) are considered. Re-
quired expenditure is calculated utilising current technology prices. This study of a
VPP’s placement in a renewable-rich, congested area of the Australian network shows
that multi-market participation is crucial to the long-term economic viability of the
electricity-hydrogen VPP. Daily optimisations are conducted for each day of a year to
estimate VPP yearly revenue. Sensitivity to hydrogen prices and magnitude of contrac-
tual services is considered. The case study uses eight years of market data to investigate
the VPP’s sensitivity to changing electrical market prices, and to establish a more ac-
curate figure for long term revenue. All configurations considered that participate in all
available markets/services are found to be economically viable for a hydrogen price of

$3/ke.
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FIGURE 6.1: Diagram of the case study network and the position of the proposed VPP

6.2 Case Study Information

The VPP considered in this case study is different from the VPPs in the previous
chapters insofar as all on the constituent resources of the VPP are located at the same
node. In Figure [6.1] it can be seen that only the resources located at node 22 are part
of the proposed VPP. It is assumed that all of the other generators are currently owned
and operated by other entities. The lines running between nodes 1-2 and 2-5 have been
identified as points of congestion that limit the export of RES in the area, leading to
unwanted renewable curtailment. The case study will consider the techno-economic
benefits of installing a VPP into the network. Possible resources to be included in the
VPP are a battery energy storage system (BESS), proton exchange membrane (PEM)
electrolyser, fuel cell, hydrogen-OCGT, and hydrogen storage.
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6.2.1 How the Framework is Applied

While only the resources at node 22 are part of the proposed VPP, it is important to
understand the interactions of the VPP with other network entities and the network
itself. That is why the operational framework presented in this thesis should be used for
this techno-economic analysis. In this case study, only the high-level optimisation will be
used, and without considering uncertainty. This form of cost-benefit analysis to inform
a business case does not necessarily require the full details of the operational model to
provide an estimate of revenues. However, the ability to participate in multiple markets
is an important inclusion as this will directly drive VPP revenue generation. As will be
shown later in the case study, modelling the power flows in the network is also important
due to the impact this can have on revenue generation, including unlocking access to
provision of additional services. By considering all of the resources in the network in
Figure the proposed framework provides the likely operation of the other resources
in the network. This is important, as this will have an impact of the state of the network
and whether it is constrained. For this analysis it is assumed that the other resources
in the network are solely participating in the wholesale energy market. This mean that
by conducting the high-level optimisation, the other resources are essentially responding
to market prices and generating when profitable (as could reasonably be expected from
generators in a network). The revenues from the VPP at node 22 can then be determine
post hoc from the results of the optimisation. The high-level optimisation is conducted
for each day of the year to determine the estimated yearly revenue of the proposed

configuration of the VPP.

6.2.2 Investment Costs of Flexible Resources

To be able to fully consider the profitability of the VPP, it is not sufficient to only
consider the revenue that the VPP accrues from operating in markets. The investment
over the lifetime of the resources including capital expenditure (CAPEX) and operational
expenditure (OPEX) should be considered to determine how much revenue the VPP
needs to obtain to balance these costs. Therefore, for the economic analysis of this case

study it is assumed that the VPP operators will choose the resources for their VPP from
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Resource Capital Fixed O&M Lifetime
Investment

BESS [169] $813/kW & $543/kWh  $10/kW /year 20 years

PEM Electrolyser [126], 170] $1,400/kW $54/kW /year 20 years

Hy; OCGT [170] $1,250/kW $12.6/kW /year 40 years

Hy Fuel Cell [47] $2,109/kW $58 /kW /year 20 years

Hy Storage [47] $1,032/kg Hy/day $22/kg Hy/day 40 years

TABLE 6.1: The capital investment costs, fixed operation and maintenance (O&M)
costs, and lifetime of each resource under consideration for inclusion in the VPP

those shown in Table The table contains the capital investment and fixed operation

and maintenance (O&M) costs of the resources under consideration in the VPPH

The equivalent annual cost (EAC) represents the annual cost of owning, operating and
maintaining an asset. It is especially useful for comparing costs of assets with differing

lifespans. The EAC is calculated using

CAPEX xd

A= v an

+ OPEX, (6.1)

where d is the discount rate (the interest that an entity could receive on its capital if
it is left unspent) which in this case study is set at 7%, and where n is the lifetime
of the asset in years. Using (6.1]), the EAC can be calculated for the resources under
consideration for the proposed VPP and can be found in Table For this case study,
the hydrogen storage capability is sized to be able to store 11,575 kg of hydrogen each
day. This is the amount of hydrogen the electrolyser operating at 85% capacity factor
would generate (this is the average capacity factor for a grid connected PEM electrolyser
assumed in [47]). For this case study, the hydrogen is assumed to be stored at 150 bar
(due to the stationary nature of the hydrogen system and to reduce compressor energy

requirements). For 11,575 kg of hydrogen storage, this equates to 1,254 m? at 150 bar.

In total, seven different VPP configurations will be considered in this case study to
determine how the choice of resources, and the interactions between resources, effects
the economic viability of the VPP. The constituent resources and EAC for each of the
seven proposed VPP configurations considered can be found in Table

!Note that all costs and revenues in this study are in Australian Dollars.
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Resource Size CAPEX OPEX EAC
BESS 30 MW/8 MWh  $28.734M  $300k/year  $3.012M
PEM Electrolyser 30 MW $42.000M  $1,620k/year $5.585M
H, OCGT 10 MW $12.500M  $126k/year  $1.064M
Fuel Cell 5 MW $10.545M  $290k/year  $1.285M

Hs Storage 11,575 kg Hy/day $11.945M  $255k/year  $1.151M

TABLE 6.2: The capital expenditure (CAPEX), operational expenditure (OPEX), and
equivalent annual cost (EAC) of each of the resources under consideration for inclusion

in the VPP

Case Resources EAC

1 BESS only $3.012M
2 Electrolyser + Hs storage $6.736M
3 Electrolyser + Hs storage + fuel cell $8.021M
4 Electrolyser + Hs storage + Ho OCGT $7.800M
5 Electrolyser + Ho storage + fuel cell + Ho OCGT $9.085M
6 Electrolyser + Hs storage + fuel cell + Ho OCGT + BESS  $12.097M
7 Electrolyser + Hy storage + fuel cell + BESS $11.033M

TABLE 6.3: The seven VPP configurations that are under consideration in the case
study, with the constituent resources and the total VPP equivalent annual cost (EAC)

6.2.3 Services and Markets

This section contains an overview of the markets/services that the VPP can participate
in/provide during the case studies. The markets include wholesale energy, hydrogen,
contingency frequency control ancillary service (FCAS), and voltage control ancillary
services (VCAS). The services include contracts with RES to purchase their curtailed
energy, fast frequency response (FFR), and System Restart Ancillary Services (SRAS).

An overview of each of these markets and services is provided in the following sections.

6.2.3.1 Curtailed RES

Due to the remote location of this area of the network, and the high potential for
RES, there are times when RES generation is curtailed due to line thermal limits being
reached. In this work there is a contract that allows the VPP to purchase the energy

that would otherwise be curtailed from RES for a price of $30/MWh. This is sufficiently
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low for the VPP to be able to generate hydrogen at a profit whilst providing RES with
additional revenue. The VPP is positioned such that if line 2-5 is congested then the
VPP can buy energy from the wind farm at node 18. If the line congestion is at line 1-2
then the VPP can buy energy from all of the RES in the network downstream of the

grid connection point.

6.2.3.2 Wholesale Energy

The VPP participates in the wholesale energy market. While this market is priced
and cleared every 5 minutes, currently market settlement is at 30 minute intervals.
Therefore, the high-level optimisation with a time step of 30 minutes will provide a
sufficient estimate of the VPP revenue from the wholesale energy market. The value
that the VPP derives from the wholesale energy market can be found by considering the
power injection/absorption of the VPP’s constituent resources (not taking into account
the energy that is coming from the contractual relationship with RES described above)

and utilising the marginal loss factor associated with the VPP location in the network.

6.2.3.3 Hydrogen

The price of hydrogen is considered to be fixed across the duration of these studies.
Fixed prices of $2/kg and $3/kg are considered to assess how hydrogen price affects
VPP economic viability. These prices has been identified as the target price region for
Australia to be able to compete with other exporting countries [47]. Transportation

costs, and the trading mechanisms for hydrogen are not considered in this study.

6.2.3.4 Contingency Frequency Control Ancillary Services

Contingency FCAS services help the network cope with a sudden change in network
load or generation (a contingency event). In Australia contingency FCAS is divided
into two sets of services. Contingency raise FCAS services are used to raise the system
frequency in the case of an event and are divided depending on the required response time
into fast (6 seconds), slow (60 seconds) and delayed services (5 minutes). In addition,
there are also fast, slow and delayed lower FCAS services with the same response time

requirements that are used to lower the system frequency after a contingency. There are
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then six contingency FCAS markets that the VPP can choose to participate in. While
these markets are priced and cleared every 5 minutes, currently market settlement is
at 30 minute intervals. Therefore, the high-level optimisation with a time step of 30

minutes will provide a sufficient estimate of the VPP revenue from the FCAS markets.

6.2.3.5 Fast Frequency Response

In this case study we define FFR as “the delivery of a rapid active power increase
or decrease by generation or load in a time-frame of two seconds or less” [24] and it is
assumed that the PV in the network have an obligation to provide FFR, as was proposed
in [25]. Traditionally this would mean that the RES would need to install some form of
storage (such as a BESS) to be able to provide such a service or contract the provision of
FFR to a third party. This third party could be a curtailable load. In this case study it
is considered that the two PV farms are newly connected RES, and as such are required
to provide FFR. Two magnitudes of FFR are considered in this case study. One where
the FFR provided must be 50% of the power generated by the PV farms, and the other
where the FFR requirement is 33%. This is used to provide some sensitivity analysis to
the magnitude of this contractual agreement. The yearly contract value for providing
FFR is assumed to be a 50% of the EAC of procuring a battery suitable to provide FFR.
This equates to $1,506,000/year.

6.2.3.6 Voltage Control Ancillary Services

AEMO maintains voltage levels across the transmission network within relevant limits.
This can be done by absorbing or injecting reactive power into transmission network
connection points [I71]. High system voltages during periods of lower demand (i.e.,
overnight) are an emerging system issue which can be addressed by dispatching reactive
power resources to absorb reactive power. From 2015 — 2019 AEMO had a contract
for 800 MVAr absorbing reactive power VCAS with a network service provider (NSP)
[21] worth approximately $10 million per year. The increase in converter-based DER
provides NSPs an alternate avenue for sourcing reactive power absorption to provide
VCAS. VCAS in this case study it is assumed to be a market structure, where the VPP

injects/absorbs reactive power in response to price signals from an NSP or other entity.
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In this case study the reactive power price signals are used to incentivise the absorption

of reactive power between 22:00 hours — 05:00 hours at a fixed price of $1/MVArh.

6.2.3.7 System Restart Ancillary Services

In the Australian system, the provision of black start services falls into the category
of system restart ancillary services (SRAS). Each subsection of the Australian network
is assessed on the magnitude of SRAS that it requires. For the South Australia (SA)
system, this is 330 MW [23]. Each year AEMO publishes the costs of providing SRAS
for each subsection [I72]. By averaging the amount paid for this 330 MW of SRAS
in SA over the past 7 years, the cost of procuring SRAS in SA can be estimated as
$10,300/MW /year. The 10 MW hydrogen-OCGT considered in this work has the capa-
bility to provide SRAS. Therefore, when it is part of the proposed VPP, it is assumed
that the VPP has access to an additional $103,000/year from provision of SRAS.

6.2.3.8 Service and Market Portfolios

There are 28 cases studies considered, utilising seven VPP configurations and four mar-
ket /service portfolios as shown in Table Past wind generation profiles, wholesale
energy prices and FCAS prices are provided by AEMO [I54]. Substation load is based
on data from SA Power Networks [155], and the solar irradiances are from the Australian

Bureau of Meteorology [156].

6.2.4 VPP Feasible Operating Region

A VPP can participate in markets and provide services by utilising its electrical flexibility
— a measure of the capability of a VPP to deviate from a set dispatch point. Flexibil-
ity maps (created using the approach proposed in [69]) are a useful tool to illustrate
VPP flexibility through feasible operating regions (FORs). The flexibility maps of each
VPP configuration are shown in Figure in reactive power-active power space and
hydrogen-active power space. The discontinuities in the FORs represents the switching

of resource with a minimum operating power requirements.
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Market /Service Portfolio

Portfolio A:

Energy 4 Portfolio B: Portfolio C: Portfolio D:

VrPE fonﬁg— Curtailed Portfolio A Portfolio B i013f82% i
uratio RES + Hy- -+ FCAS + FFR
SRAS

drogen
BESS Case 1A Case 1B Case 1C Case 1D
Electrolyser Case 2A Case 2B Case 2C Case 2D
Electrolyser  + Case 3A Case 3B Case 3C Case 3D
Fuel Cell
Electrolyser - + Case 4A Case 4B Case 4C Case 4D
Hy; OCGT
Electrolyser +
fuel cell + Hy; Case 5A Case 5B Case 5C Case 5D
OCGT
Electrolyser +
fuel cell + Hy Case 6A Case 6B Case 6C Case 6D
OCGT + BESS
Electrolyser
+ fuel cell + Case 7TA Case 7B Case 7C Case 7D
BESS

TABLE 6.4: Naming of studies for different VPP configurations and market/service
portfolios

Electrical flexibility can be considered as either upwards flexibility (the ability of a VPP
increase its active power injection/consume less active power) or downwards flexibility
(the ability of a VPP to decrease its active power injection/consume more active power).
The amount of upwards and downwards flexibility that is available to the VPP at a
specific time is dependent upon its dispatch point. For example, for the VPP in Case
2 (the electrolyser) to provide 10 MW of upward flexibility (for example to provide
FFR), it must be operating with an active power dispatch point no greater than -10
MW, forcing it to absorb power while providing the service. However, if the VPP in
Case 5 (electrolyser, fuel cell and hydrogen-OCGT) were providing that same 10 MW
of upward flexibility, it would only need to have an active power dispatch less than 5
MW (assuming reactive power dispatch is 0 MVAr and all resources are on). Therefore,
in Case 5 the VPP still has the capability to either inject or absorb active power (to
respond to market prices) while providing this level of FFR. As we will see from the

results of this case study, this additional flexibility is translated into additional revenue
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FIGURE 6.2: Reactive-active power (Q-P) and hydrogen-active power (Hy-P) flexibility
maps showing the FORs of the seven proposed VPP configurations, where negative val-
ues indicate absorption/consumption and positive values indicate generation/injection
generation.

The VPP’s upward and downward flexibility is dependent on the VPP’s reactive power

dispatch point as well as its active power dispatch. This highlights the importance of

optimising VPP operation in all markets/services, considering both active and reactive
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power, simultaneously. Making these decisions in a non-holistic manner may reduce the

revenue accrued from multi-market participation.

It can be seen by looking at the flexibility maps for Cases 1, 5 and 6 in Figure [6.2
that when resources are aggregated the resulting FOR is of greater size than the sum
of the FOR of each individual resource. This aggregating of resources also dramatically
increases the VPP flexibility in the hydrogen-active power space. This gives a VPP the
ability to vary its hydrogen output whilst maintaining its active power dispatch point.
In general, a VPP would want to maximize its hydrogen output for a set active power
dispatch, as hydrogen can be monetised. However, if there existed strict constraints on
the hydrogen infrastructure (storage size, export limits, etc.) the VPP could utilise its
internal flexibility (by modulating internal dispatch factors) to be able to accommodate
these constraints while minimising the effect that this would have on the VPP’s electri-
cal operation. These flexibility maps illustrate a clear benefit of resource aggregation,
as flexibility is the means by which a VPP participates in markets/services, and by

extension the means of accruing revenue.

6.3 Results

6.3.1 Benefits From Multi-Market Operation

Figure[6.3| and Figure [6.4] illustrate how the VPP revenue changes for the 28 cases with
hydrogen price of $2/kg or $3/kg and FFR contract set at 50% or 33% of PV generation
for 2016 and 2017 respectively. With the exception of contractual FFR, the addition
of extra markets/services to the VPP portfolio always increases the revenue that the
VPP can generate. In fact, without participating in multiple markets, none of the VPP
configurations generate sufficient revenue in 2016 or 2017 to match their respective EAC,

identifying multi-market portfolios as crucial to VPP economic viability.

The largest impact of multi-market participation can be seen when the VPPs add par-
ticipation in the six contingency FCAS markets to their portfolio. In 2017 the FCAS
prices are larger than in 2016, and the effect of this can be seen most prominently in

VPPs containing a BESS (a resource with derives most of its value from FCAS).
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FIGURE 6.3: VPP revenues in 2016 for 50% and 33% contractual FFR provision and
hydrogen prices of $2/kg or $3/kg.
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FIGURE 6.4: VPP revenues in 2017 for 50% and 33% contractual FFR provision and

VPP Revenue, H2 =$2/kg, FFR = 50%, 2017
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hydrogen prices of $2/kg or $3/kg.
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Considering 2017 with a hydrogen price of $3/kg in Case 24 the electrolyser capacity
factor is 20.3%. In 2017, only 13.4% of price intervals are below the price threshold
necessary to sell hydrogen at a profit. The reason in Case 24 that the electrolyser
capacity factory is higher than this is due to the contractual arrangement that the
electrolyser has with the RES to buy energy that would otherwise be curtailed. This
contract leads to an additional $1.05 million of hydrogen revenue in 2017 with a hydrogen
price of $3/kg. Participation in FCAS also leads to an increase in electrolyser capacity
factor of 10.9% in 2016 and 25.1% in 2017, more than doubling the amount of hydrogen
generated and sold in 2017. This shows how multi-market participation directly unlocks

significant additional economically viable hydrogen generation.

6.3.2 Sensitivity to Magnitude of Contractual FFR

The only service that may causes a reduction in VPP revenue in these case studies is
FFR. This is because this is a contractual arrangement rather than a market where
a VPP can respond to price signals when deciding whether to participate. The VPP
configuration that is worst affected by this is Case 2 (only an electrolyser). This is
because an electrolyser providing FFR must act as a load at the required magnitude (so
that it can be reduce its load if required to provide the net increase in power output).
During these periods of FFR provision the electrolyser is very limited in how it can
respond to the wholesale energy market prices (as explained in Figure and Section
, thus exposing itself to possible high wholesale energy prices.

From Table it is seen that in 2017 more FFR provision is requested from the VPP
than in 2016 (due to the higher PV export in 2017). This, along with the higher wholesale
energy price, is why in 2017 providing FFR in Cases 2-5 costs the VPP more revenue
than in 2016, and in some cases it costs the VPP more than the $1,506,000 contract
price (indicating that the contract has been valued too low for 50% FFR provision). It
is noted that the VPP in Case 1 (BESS only) is largely unaffected by the changes in

FFR magnitude due to its ability to provide FFR from a 0 MW operating point.



Techno-Economic Analysis of an FElectricity-Hydrogen VPP 167

50% FFR Provision 33% FFR Provision
Vear FFR Provided gfi‘(‘:‘e"ale“t FFR Provided g;‘i‘i‘e"alent
MWh MWh
(MWh) ¢/ Mwh) ~ (MWhH) ($/MWh)
2016 52,273 28.8 34,503 13.6
2017 74,714 20.2 49,336 30.5

TABLE 6.5: Amount of FFR being provided by the VPP and equivalent per MWh
price in 2016 and 2017

6.3.3 Sensitivity to Hydrogen Price

Examining the revenues for different VPP configurations when the hydrogen price is
$2/kg in Figure in Figure it is seen that the revenue of Cases 2-5 are below their
respective EAC. Case 6 in 2016 is also below its EAC. A reason Cases 6C, 6D, 7C, 7D
in 2017 have revenues greater than the required EAC is because the high FCAS prices
allow the BESS to generate very high revenues, compensating for the poor performance
of the hydrogen-based resources. The average wholesale energy prices in 2016 and 2017
are $80.59/MWh and $105.33/MWh respectively. These energy prices are too high most
of the time for the electrolyser to be able to profitably generate hydrogen to be sold,
or utilised by the fuel cell and hydrogen-OCGT for flexibility. Additionally, the current
initial investment cost of a PEM electrolyser is too high for a $2/kg hydrogen price to be
viable. For the electrolyser and storage system proposed here, if the electrolyser operates
with an 85% capacity factor each year, $1.58 from each kg of hydrogen produced would
be needed to match the EAC. This only leaves $0.42/kg of hydrogen to cover energy

procurement costs, which is far below equivalent wholesale energy prices.

When the hydrogen price is changed to $3/kg there is a large change of hydrogen-based
VPP revenues. In 2016 Cases 2D-5D are much closer to their EAC. This is true in
2017, although to a lesser extent. It is noted that the average wholesale energy price in
2017 is the highest recorded in the last 8 years, having a major effect on the viability of

hydrogen creation.

An additional benefit of increasing the hydrogen price is that it allocates more value
to the hydrogen produced when the hydrogen-based VPPs are providing FFR services.
For hydrogen priced at $3/kg and FFR requirement of 33% all the VPP configurations

manage to generate net revenue from providing FFR compensated at $1,506,000/year.
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Average Price ($/MWh)

Market 2013 2014 2015 2016 2017 2018 2019 2020
Wholesale Energy 71.68 48.13 49.58 80.59 105.33 99.89 98.93 43.49

Fast Raise FCAS 093 142 228 537 12.67 11.38 9.87 24.99
Slow Raise FCAS 0.61 0.88 194 3.25 5.89 8.06 6.84 20.75
Delayed Raise FCAS 1.11  1.67 2.61 3.09 8.30 15.74 2.67 12.59
Fast Lower FCAS 1.43 043 1.85 0.45 0.42 0.19 9.64 8.75
Slow Lower FCAS 343 038 1.73 0.23 0.04 041 1256 15.52
Delayed Lower FCAS 094 0.99 2.07 0.70 0.23 047 153 16.87

TABLE 6.6: Average electrical market prices in 2013-2020 in South Australia

6.3.4 Sensitivity to Energy and FCAS Prices

The revenue that a VPP can generate in a year is highly dependent on the wholesale
energy and FCAS market prices that year. If economic analysis was conducted on
2016 or 2017 data individually, very different outcomes would be achieved. To further
consider the effects of changing wholesale energy and FCAS prices, as well as trends
within these markets, case studies are run utilising the market prices from 2013-2020,
which are summarised in Table Informed by the findings in Figure [6.3] and Figure
these further studies will only consider hydrogen priced at $3/kg and the FFR
requirement for the VPP at 33% (where the contract value of $1,506,000 is deemed
sufficient). These studies will look at all seven VPP configurations, but will only consider
each configuration participating in all markets and services (i.e. Cases 1D-7D), as it

has been established that multi-market participation increases VPP revenue.

Figure [6.5] shows that BESS revenue is almost entirely from FCAS markets, whereas
the hydrogen-based VPPs have a more variable revenue mix and are more effected by
changes in wholesale energy price. Cases 2-7 in 2013 all generate revenue less than the
EAC due to the combination of high energy prices and low FCAS prices. In general,
a high average wholesale energy price causes Cases 2-5 to accrue less revenue. Even
though 2019 has a high average wholesale energy price, the high FCAS prices allows the
VPPs to still make a profit. The significantly higher FCAS prices in 2020 leads to much
higher revenue in all configurations. If wholesale energy prices fall in the coming years
due to increased RES integration, and FCAS prices continue to rise in line with the trend

seen in Table then the profits of hydrogen-based VPPs will continue to increase.
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FIGURE 6.5: VPP revenue for 2013-2020 in Cases 1D-7D with hydrogen price of $3/kg
and FFR requirement of 33% of PV generation.

VCAS and SRAS with the assumed pricing generate much less revenue compared with
the other markets and services, which is why they are difficult to see in Figure [6.5
VCAS revenue varies from approximately $58,000 - $157,000 per year depending on the
year and VPP configuration. SRAS, when it is provided, is worth $103,000 per year.

6.3.4.1 Hydrogen Sold in each Case and Year

To assess the amount of hydrogen that is sold each year, it is compared to the maximum
possible sale (i.e. if the electrolyser was on at maximum power constantly over the whole
year) which is referred to here as the VPP’s hydrogen capacity factor. Table shows
the hydrogen capacity factors of each hydrogen-based VPP configuration (with a full
market /service portfolio) for 2013-2020, as well as a “Business as Usual” (BaU) case.
The (BaU) case considers only an electrolyser and the energy pricing throughout the
year. It is assumed that the electrolyser operates at full capacity when the energy price

is below the threshold where it can sell hydrogen for a profit at $3/kg.

Table shows that using the VPP to participate in markets/services not only opens
additional revenue streams for the VPP, but it also allows the VPP to generate and
sell more hydrogen than it would be able to do if it were not providing services. By
comparing (BaU) and Case 2D (in both cases the VPP only contains an electrolyser),
the additional hydrogen generated while providing services in Case 2D is worth almost

$3M /year on average. Even when the hydrogen is being consumed via the fuel cell and
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VPP Hydrogen Capacity Factor (%)

Year BaU 2D 3D 4D 5D 6D 7D
2013 57.8 67.9 652 669 64.8 629 63.0

2014 829 893 884 89.0 882 876 87.7
2015 86.7 90.0 89.0 89.2 837 883 884
2016 56.6 71.8 69.2 69.9 683 670 671
2017 134 552 51.2 486 46.8 449 454
2018 152 61.0 579 534 521 51.2 545
2019 222 429 388 385 362 346 353

2020 76.2 89.v 885 872 86.2 86.0 88.1
Average 514 71.0 68.5 67.8 66.4 65.3 66.2

TABLE 6.7: VPP capacity factor (considering hydrogen sold) for 2013-2020 Cases 2D-
7D and a business as usual (BaU) case

hydrogen-OCGT to provide flexibility to the electrical network, the average hydrogen
capacity factor of the VPP is still significantly higher.

6.3.5 Benefits to the Wider Network

The integration of a VPP can have wider network benefits, especially if the network
is operating close to design limits (i.e., a congested network due to high RES export).
These benefits can only be properly assessed by using an optimisation that models the

electrical network, such as in this case study.

6.3.5.1 Curtailed RES

A benefit of the VPP being located in a congested area of the network is the ability of
the VPP to utilise renewable energy that would previously have been curtailed. As an
example, in the 2017 (BaU) case, 17% of the 156,820 MWh of energy generated by the
wind farm at node 18 would be curtailed due to line thermal limits. In 2017 Case 6D
this amount is reduced to only 4.1% of the wind farm energy being curtailed. The energy
that would otherwise have been curtailed is now bought by the VPP and absorbed to
create hydrogen or charge the BESS. If all of the power bought from the wind farm

was converted into hydrogen it would create over 525,000 kg of green hydrogen over
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2017. Using an operational model that captures the local electrical network allows this

interaction to be considered.

6.3.5.2 Easing of Network Congestion

One of the additional benefits of having an electrolyser provide FFR is that when the
electrolyser is absorbing energy to be able to provide FFR, it may act to relieve con-
gestion in the wider network. This in turn can allow generators to export more energy
and accrue higher revenue. In the case studies this additional export capability pre-
dominately effects the OCGTs at nodes 13 and 15. The easing of congestion that the
hydrogen-based VPPs deliver when providing FFR is worth on average $2.3M /year be-
tween 2013-2020 to the generators in the network. In this work there is no mechanism
for the VPP to access any of this additional value. However, agreements could be made
to have part of these funds be used to supplement the FFR payment that the VPP

receives from the PV generators, leading to additional VPP revenue.

6.3.6 Value Metrics

To assess the economic viability of the proposed VPP configurations over their lifetimes,
two value metrics are used — Net Present Value (NPV) and Discounted Payback Pe-
riod (DPP). NPV represents the difference between the expected revenues of a project
(converted into “today’s money” by using a discount rate) and the amount of initial
investment required. In this way NPV captures the total value of the project. The NPV
of each option is calculated using , where d is the discount rate of 7% and n is the
lifetime of the VPP in years. The VPP includes resources with 20-40 year lifetimes. So,

a conservative estimate for VPP lifetime of 20 years is considered for this analysis.

n

YearlyIncome — OPEX

NPV = —-CAPEX +)_ (6.2)
2 1+ d)t
1
DPlen( — PR >+1n(1+d) (6.3)
YearlyIncome

Another indicator that can be used to consider the economic viability of investment in

a project such as this is the DPP on the investment, which can be determined by (6.3)).
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Average

Case Yearly NPV DPP
Revenue

1D $10,630,463  $80,707,072  3.20 years

2D $8,167,473 $12,721,257  13.55 years

3D $9,669,348 $15,014,878 13.60 years

4D $9,039,243 $8,121,955 15.98 years

5D $10,368,671 $8,588,670 16.26 years

6D $19,657,388  $75,081,266  8.40 years

7D $19,143,685  $83,473,934  7.34 years

TABLE 6.8: The average yearly revenue (from 2013 - 2020) of each VPP configuration
with a full portfolio of markets/services, and their associated NPV and DPP

The DPP determines how long it would take to recoup the initial investment cost of
a project while also incorporating a discount rate to recognize the changing value of
money over time. The NPV and DPP for each VPP configuration with comprehensive
portfolios is shown in Table [6.8] It should be noted that the calculations used assume
the average yearly revenue shown in Table is the VPP yearly income each year over
the lifetime of the VPP.

Firstly, in all the VPP configurations the DPP is less than the assumed 20-year lifetime
of the VPP. The NPV is also positive in all cases, indicating that any of these VPP
configurations would be an economically viable venture. Secondly, whilst inclusion of
the hydrogen-OCGT acts to increase the average yearly revenue (comparing Case 2D
and Case 4D), it reduces the NPV of the VPP, and increases the DPP. This indicates
that the extra value that the hydrogen-OCGT is providing the VPP is not significant
enough to offset the required investment. This could be attributed to the fact that the
OCGT lifetime is 40 years, but in this analysis it is assume that all resources in the
VPP have a 20 year lifespan. Inclusion of the fuel cell increases the NPV of the VPP
(comparing Case 2D and Case 3D), however it also increases the DPP, although not
significantly. So on balance, it seems the fuel cell adds value to the investment. The
results in Table [6.8 indicate that the solution with the shortest DPP is to install a BESS
only. However, the VPP configuration with the highest NPV is an electrolyser, a fuel
cell, hydrogen storage and a BESS. The DPP for this configuration is longer than for
the BESS alone, but it is still well below the VPP lifetime. Additionally, this VPP has
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greater flexibility to adapt to changing markets and services, including hydrogen related

ones.

6.4 Key Remarks

Participating in multiple markets and services unlocks additional revenue streams for
a VPP, without which it would not be an economically viable project. If contractual
services are properly reimbursed, adding additional markets and services to a VPP
portfolio increases VPP revenue. The modelling of the network in the analysis of VPP
revenue generation is also important. It is shown that the network can both restrict
VPP operation, and also provide additional revenue streams (in the form of curtailed
RES energy in this case study). The pricing of wholesale energy in the Australian
market, and the initial investment costs of resources, is currently too high to allow
hydrogen to be sold at $2/kg. However, with a comprehensive portfolio, generating and
selling hydrogen at $3/kg is an economically viable prospect for a hydrogen-based VPP.
In fact, for hydrogen-based VPPs, participating in multiple markets acts to increase
the maximum value of wholesale energy below which the VPP can profitably create
hydrogen. This is turn allows the VPP the create more hydrogen. It is also important
to analyse potential VPP operation over a number of years to determine an accurate
value for VPP yearly revenue, as market prices vary greatly between years. The largest
hurdle to a VPP’s ability to sell hydrogen at $2/kg is the current investment cost of
the technology. However, as these technologies mature, investment costs will reduce
and future multi-energy VPPs will be well placed to generate this low-cost hydrogen,

especially if there is a reduction in wholesale energy prices or increase in FCAS prices.






Chapter 7

Conclusion

7.1 Answering the Research Questions

This thesis has met its primary aim to develop a comprehensive optimisation-based
operational framework to allow a multi-energy VPP operator to utilise its operational

flexibility to participate in multiple markets and services while considering uncertainty.

The framework has the capability to consider participation in multiple market and provi-
sion of multiple services. This framework is implemented in case studies to demonstrate
that a VPP can simultaneously participate in markets and contractual services by as-
signing flexibility to each. The multi-market participation is key to long-term VPP
profitability, but for contractual services it is important to ensure that they are mon-
etised correctly to maintain VPP profitability. This framework can help inform VPP

operators what the magnitude of that monetisation should be.

Incorporating a multi-energy node formulation into the framework enables the frame-
work to capture the flexibility in the interchange between energy vectors. The application
of the framework in case studies demonstrates multi-energy interactions to be an effec-
tive source of flexibility to participate in markets and provide services. It is also evident
that proper utilisation of this multi-energy flexibility in the case of electricity and hy-
drogen can effectively reduce the economic threshold for profitable hydrogen production.
The coupling of multi-energy flexibility and multi-market participation is important as

it can fundamentally change the operation of multi-energy resources.

175
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The combination of decomposing the framework into three optimisations with the utili-
sation of scenario-based optimisation and receding horizon control has allowed the frame-
work to capture uncertainty in a tractable way. Case studies have highlighted the im-
portance of the receding horizon control to maintain VPP profitability in a market with
short bidding windows. Likewise it has been shown empirically that the scenario-based
approach (and more specifically the robust restriction of the high-level optimisation

provided in Appendix provides feasible solutions without being overly conservative.

The adaptable nature of the framework allows it to be used in a range of settings and
by entities other than VPPs. A case study is provided that shows how a distribution
system operator (DSO) could use this framework to allocate network capacity to DER
in the network, and then VPPs/aggregators could also use the framework to optimise
the operation of their DER under these constraints. It has also been shown that the
framework is applicable for long-term techno-economic evaluations for business case

assessments.

7.2 Addressing the Research Objectives

The objectives that are identified in Section have been accomplished. Firstly, the
formulation and operation of an optimisation-based VPP operational framework has
been provided in Chapter [3] This framework allows participation in multiple markets,
and in the case studies these have included wholesale energy, six contingency FCAS, and
hydrogen markets. Provision of network and contractual services has also been included
in the formulation. In the case studies these have included FFR, inertia, local network
support, and reactive power services. The framework models network power flows and
voltages using either a detailed linearisation, or second order cone relaxation depending
on the level of accuracy required. This approach has been shown to effectively capture
the power flow equations and has provided insights into constraints and opportunities
for VPP operation in a network. The interactions between multiple energy vectors are
considered through a multi-energy node formulation, in the case studies the focus has
been placed on the electricity-hydrogen interaction. The framework uses a combination
of scenario-based optimisation and receding horizon control to allow a VPP operator
to mitigate the effects of uncertainty. For the high-level optimisation, a robust restric-

tion has also been proposed in Appendix [A] to provide increased certainty of real-world
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constraint satisfaction. Due to the approach taken to divide the framework into three
linked optimisations, the framework is a tractable tool for markets with close to real

time bidding windows.

The second objective is satisfied through the case studies conducted in Chapters [ - [6]
where the efficacy of the framework overall, and of each of the attributes laid out in
Objective 1 is proved. It is shown that the framework allows a VPP to prioritise its
participation in markets depending on prices, and shows that participation in multi-
ple markets and services greatly supplements VPP revenue. The modelling of network
power flows is shown to be sufficiently accurate, and measures have been proposed to
increase that accuracy, and to provide verification of the accuracy. This modelling
unlocks additional services such as local network support and contracts with curtailed
RES. A number of case studies have examined the multi-energy flexibility available from
coupling electricity and hydrogen. It is shown that leveraging this flexibility can be ad-
vantageous for the electrical network, and that considering it within a comprehensive
framework provides insight into how the cost of generating hydrogen could be reduced.
The method proposed to mitigate the effects of uncertainty is effective in ensuring that
services can be provided under uncertainty, but it is also not too onerous compared to
operation with perfect forecasts. The receding horizon control is shown to be effective
in adapting to uncertainty, even when events occur which were not forecast. It is also
highlighted that without a framework that can tractably optimise VPP operation con-
sidering short bidding windows, a VPP’s revenue would be drastically reduced, again
highlighting the significance of the framework methodology. This framework has been
shown to be tractable for the case studies in this work, and so in less onerous market

conditions is likely to be tractable for larger problems.

The third objective is demonstrated in Chapters [f and [6] In Chapter [ it is not only
shown that a DSO could use this operational framework to allocate network flexibility to
VPPs within its network (with various fairness paradigms), but also that each of these
VPPs could then use this framework in determining their operation and market partic-
ipation. The additional constraints for specific fairness paradigms or flexible network
resources can easily be added. In Chapter [0] it is shown that the proposed framework
can be adapted and utilised to provide long term techno-economic assessment of VPPs
for business cases. The importance of participation in multiple markets and services is

further conveyed. It is also shown that network modelling is of great importance to fully
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understand the impact of the network on VPP operation, as well as possible additional
markets/services to supplement VPP revenue. In both of these chapters it is shown that
there is value in being able to use the optimisations in the framework individually as

well as collectively.

7.3 Contributions of the Thesis

The first contribution of this thesis is the extensive review of the existing operational
frameworks and methodologies for VPPs. It is identified that frameworks that considered
both power flows and uncertainty are rare, and there are none that also consider multiple
energy vectors. This can be attributed to the increased computational burden introduced
by coupling these aspects. This review determines the gap in previous works which this
thesis fills, namely a VPP operational framework with the six key attributes from Section

L.o.2

The formulation and methodology of the proposed optimisation-based operational frame-
work is a key contribution of this work. The novel features of this framework are that
it couples the ability to participate in multiple markets, the ability to provide services,
the modelling of power flows in the network, the modelling of multiple energy vectors,
the consideration of uncertainty, and the ability to operate over short bidding windows.
Such a comprehensive operational framework has not previously been proposed. The
participation of multiple markets and provision of services is encoded through use of
appropriate constraints and cost functions. Power flow is modelled using a detailed
linearisation and a second order cone convex relaxation to balance tractability and ac-
curacy. Multiple energy vectors are catered for through the use of a multi-energy node
formulation. The effects of uncertainty are mitigated through the coupling of scenario-
based optimisations and receding horizon control. A robust restriction of the scheduling
optimisation is also exhibited in Appendix [A] to provide additional robustness to the
problem. The overall framework is decomposed into three linked optimisations to help
ensure problem tractability. Further contributions can be found in the implementation

of this framework in various studies.

Chapter [4] demonstrates the capability of the framework to consider a wide range of

markets and services including: energy, six contingency FCAS markets, FFR, inertia,
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local network support and upstream reactive power support. The effectiveness of the
robust restriction for the high-level optimisation to provide a feasible schedule is shown,
as is the capability of the receding horizon control to adjust to uncertainties (both
foreseen and unforeseen). The short optimisation time steps and receding horizon control
have a significant impact on VPP revenue when compared with a VPP only matching
day-ahead bids. The second order cone relaxation of the power flow equations is revealed

to be effective at maintaining network limits.

Additionally, it is shown in Chapter [5| how the multi-energy flexibility of a electricity-
hydrogen VPP can be quantified and translated into participation in multiple markets
and services. This participation is effectively prioritised based on market prices, oper-
ating costs, and conversion losses between energy vectors. Using this framework, which
considers multiple markets and energy vectors, reveals that the operation of multi-energy
resources fundamentally changes when participating in multiple markets. Operation that
previously would not occur, because it reduces the conversion efficiency between energy
vectors, is now seen because it also maximises available flexibility, and therefore market
participation. The ability of a VPP to utilise multi-energy flexibility to provide long-
term contractual local network support is indicated. For the majority of the time the
VPP utilises reactive power control to provide this service, limiting the constraints on
VPP active power operation, and by extension VPP participation in active power mar-
kets. On rare occasions (usually during extreme events) the VPP must also use active
power curtailment to provide this service, resulting in a more significant (but still lim-
ited) financial impact on VPP revenue. This demonstrates the importance of modelling

network power flows that include reactive power.

This work also offers contribution by exhibiting the versatility of the application of the
proposed framework. In Chapter [4] the framework is utilised by multiple entities in a
network. The framework is effectively used by a DSO as well as multiple VPPs in one
network. The method of network allocation used by the DSO is shown to be effective in
maintaining the distribution network within allowable limits, whilst applying different
fairness paradigms to the DER in the network. The flexibility of the framework allows
the modelling of multiple network configurations, fairness paradigms, and DER oper-
ating schemes (reactive and/or active power control) which demonstrates the complex
relationship between the financial and technical aspects of capacity allocation. The ver-

satility of the framework is also evident in Chapter [6] where long-term techno-economic
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analysis is conducted to support business case development for a multi-energy VPP. The
long-term profitability of the VPP is shown to be heavily reliant on its ability to partic-
ipate in multiple markets and services. The market prices also have a large impact on
the revenue of an electricity-hydrogen VPP, as well as the valuation of contractual ser-
vices that the VPP provides. By using a framework that explicitly models power flows
in the network, this techno-economic analysis is able to consider the effects of network
congestion. This allows the VPP to enter a contractual relationship with local RES
to purchase their power that would otherwise be curtailed. It also reveals interactions
between contractual FFR and network congestion which leads to the VPP providing
valuable easing of network congestion worth millions of dollars each year. Therefore, it
is apparent that a less comprehensive framework would miss many of these interactions,

resulting in an inaccurate business case assessment.

7.4 Key Remarks

The comprehensive optimisation-based multi-energy operational framework and the case
studies communicated in this thesis provide valuable insight to many actors in an elec-
trical network. Each of the six aspects identified for a comprehensive framework are
seen to be of great utility. In particular, the value of multi-market participation and
provision of services encapsulated in the framework highlights how a VPP can increase
its revenue generating capability. It could also be informative for network and market
operators in understanding the capability of VPPs to participate in these mechanisms
and assist in the secure and reliable operation of the electrical network. The understand-
ing of a VPP’s capability to provide network services, and the method by which these
VPPs can be profitable will be useful in the move toward future networks with high
penetrations of DER. In addition, the benefits of a holistic view of multi-energy integra-
tion are shown through electricity-hydrogen case studies. Hydrogen has been identified
as an important fuel source in the future, and the technical and economic advantages
of using the flexibility of hydrogen-based resources in the electrical network have been
shown. Enabling hydrogen-based resources to participate in multiple markets will be
important in driving down the cost of hydrogen production from RES. The business case
techno-economic analysis conducted for VPPs could encourage investors to explore in

more detail the potential value-stacking of revenue streams as well as the impacts of the
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network constraints on VPP profitability. Understanding the many avenues of income
available to a VPP will make them more economically attractive. More investment in
flexible resources with proper operation could increase DER capability to provide net-
work services, which could assist in maintaining future power system reliability. The
versatility of the framework allows it to provide insights and utility to other network
actors, as is demonstrated for a DSO determining DER, capacity allocation. This issue
is one that is currently being consider in a number of real world projects, and this type

of analysis could help inform these projects and others.

7.5 Future Work

The presented framework could be expanded in the following ways. Peer-to-peer trading
mechanisms have been receiving increasing interest as a possible method to economically
benefit DER owners while assisting with network reliability. However, there are still a
number of challenges associated with peer-to-peer trading [I73]. The inclusions of peer-
to-peer trading capability into this framework could allow further exploration of some

of the technical challenges and opportunities of peer-to-peer trading.

In this work direct network capacity allocation by the DSO was considered. However,
the SOC formulation of the power flow in the network allows the consideration of distri-
bution local marginal pricing for active and reactive power as well as losses and network
congestion through the use of dual variables [74]. Including these considerations into the
framework could provide additional mechanisms for maintaining local network reliability

and economic efficiency.

Another possible avenue of development that could be considered is including the provi-
sion for price-maker operation of the VPP (i.e., providing price/power pairs to a market
operator). The interactions between multiple markets will then become even more com-

plex, and will require in depth investigation.

A different avenue of enquiry could be to expand the framework to model the flow
of other energy vectors, such as modelling electricity and gas flow [174], or electricity
and gas and heat flow [I75]. This could help capture in more detail the limitations of
multi-energy flexibility due to operational constraints in other energy vectors. However,

this comes with issues of additional computational complexity, although the gas flow
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equations can also be relaxed to form SOC constraints [176]. For more accurate mod-
elling of low voltage networks, a development of the framework to model unbalanced
three-phase power flow could be considered. However, this modelling also brings with
it significant computational burden that would need to be addressed. That being said,
one possible avenue of investigation could be the SOC approach applied to unbalanced
three-phase networks proposed in [I77]. Although, this work relies on some restrictive
assumptions, and requires preliminary load flow problems to be solved to obtain param-
eters for the optimisation. Another promising avenue to address this problem is through
the use of Sequential Linear Programming, which has been shown to be highly effective

in modelling distribution networks while maintaining tractability [178§].

In conclusion, utilising a comprehensive operating framework such as the one proposed
in this work can help unlock the flexibility of DER to assist in the economically efficient
and reliable operation of a future grid. The insights offered in this work can help market
operators, network operators, aggregators, and DER owners to better understand the

technical and economic aspects of DER aggregation and network integration.



Appendix A

A Robust Restriction of the

High-Level Optimisation

The following is a proof for the construction of a robust restriction of the high-level
optimisation, reproduced from the author’s paper Co-optimizing Virtual Power Plant
Services Under Uncertainty: A Robust Scheduling and Receding Horizon Dispatch Ap-
proach [153].

The original high-level optimisation problem takes the following form:
SHL

min Zﬂ'sJ(ms,y) (A.1)

yy(xs)se[llsHL} o

subject to:
Kes=Cuxs+h, sel: SHL] , (A.2)
Axs+By < f, s€ [1 : SHL] ) (A.3)
Dzs+ Be; < g,s € [1: ST, (A.4)

where x, denotes the vector of decision variables that can depend on the scenario s €
[1 : SHL] corresponding to the high-level realisation, €5 of the uncertain parameters
(i.e., market prices, load demand, and available renewable generation), and y is the set
of decision variables that are constant across scenarios (i.e., (x(t), Vk € WK ¢t € [1 :

THL]).  Assuming there are not redundant equality constraints, CC7T is non-singular.

183
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The following problem is a restriction, but of much smaller and more manageable size:

L
min Zl msJ (CF(Kes — ) + z,y) (A.5)

subject to
Az+By<¢— f, (A.6)
Dz <7 -3, (A7)
Cz=0, (A.8)

where C® = cT(CCT)™Y, ¢ = f+ ACRh, ¥ = g+ DCEh, f, = ACEKe,, g; =
(E + DCRK) €s, for s € [1 : SHL], and

f= [max {row;(fs), s€ [1:S"] }]ie[lmﬂ, (A.9)

g = [max {row;(gs), s€[1: SHL] }]ie[lmg], (A.10)

where ny = dim (f), ny = dim (g) and [ai);e1.n) denotes the vector [a;, ... ,an)”. If the
pair (y, z) satisfies the - (A.§), then the pair

(v @) esmg) = (1, (CF (Kes = h) + 2) g ) (A.11)

satisfies (A.2) - (A.4). Note that fs and g5 only depend on the realization €s of the
uncertain parameters for the given scenario s € [1 : SHL]; ie., f and § are effectively
problem data, to be determined before solving the optimisation problem. The same

applies to the terms CF (Kes —h) in (A.5). Importantly, the constraints in (A.6) -
(A.8) retain the sparsity structure of the original constraints in (A.2)) - (A.4]).

To see that the optimisation problem in (A.5)) - (A.8) is a restriction of the problem in

(A.1) - (A.4), consider the following. First note that the equality constraint in (A.2))
does not specify a unique x5 for a given €. The equality constraint in (A.2)) holds with

zs = CH(Kes—h) + Crw,, se[1:8"] (A.12)



Appendiz EI A Robust Restriction of the High-Level Optimisation 185

for every w,, where C is a matrix with a range equal to the kernel of C. Introduce the

variable z;, and the constraint
Czs =0, se[1:8"]. (A.13)

Then for every feasible z,, there exists wg such that z; = Ctwsg, and this is unique

because O is full column rank. Given (A.12)) and (A.13)), the inequality constraints in

(A.3) and (A.4)) can be expressed as:

Azg+By<¢—fs, s€[l: SHL] , (A.14)

Dz, <7 —gs, s€[l:S"]. (A.15)

Observe the ¢ — fy > ¢ — f, and y—gs >~y —gforse [1 : SHL]. As such, if there exists
a z and y such that (A.3) and (A.4]) hold, then (A.14) and (A.15]) hold with z5 = z for

every s € [1 : SHL]. Therefore, the original problem has a feasible solution via (A.11)).

Note that the optimisation problem in - is a much smaller problem than the
original one when SH is large, as it is reduced in size by a factor of ST, This smaller
problem is a restriction on the original problem, requiring the flexibility corresponding
to ws in the relationship between x5 and €5 to be constant across scenarios. However,

x5 is still scenario dependent as shown in (A.11)).






Appendix B

Resource Modelling Examples

This appendix is used to provide examples of how the resource modelling (B.1)) can be

used to model specific resources.

—elec

B (@rs(t+1) — zp,s(t) =
PE (t
(nz‘P&s(t) - ’“ng() + €t — Whys(t) — w) At, Vke ¥R (B.1)
k

B.1 Battery Energy Storage System

To model a battery energy storage system (BESS) using (B.1)), set & s+ = 0 and wy, 5(t) =
0 as there is not external generation resource or demand, and therefore there can be no

curtailment. This implies that the BESS operation is governed by

Ezlec ($k7s(t + 1) . $k7s(t)) _ (ngplg’s(t) . k;g(t) _ Vk) At (B2)

B.2 Renewable Energy Source

—elec

To model a renewable energy source (RES) using 1' E, =0and v, =0 (as an RES
has no electrical energy storage), and P,i s(t) =0 (as RES is generator only). Therefore

the operation of a RES is governed by

Py o(t) = (Enst — wiys(t)) - (B.3)
187
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However, the value of s, will vary over time, dependent on the availability of the
RES. There may also be curtailment limits, or cost associated with curtailment of RES

depending on the arrangement with the RES owners.

B.2.1 Wind Turbine

The power that a wind turbine can generate varies with the speed of the wind that flows
past the turbine. Generally, the wind speed to power conversion of a wind farm can be

modelled as:

0, pCut-in >
%,,021}3;)777 ,Urated > > ,Ucut—in
P= (B.4)
3 _
gTZUrated on, ,Ucut out >0 2 Urated
0 v > Ucut—out
) -
\

where r is the radius of the circle swept by the turbine, v is the speed of the wind blowing
past of turbine, p is the air density, and 7 is the conversion efficiency. v“** is the wind

speed at which the turbine can begin to generate power. prated

is the rated wind speed
of the wind turbine associated with the rated power output of the turbine. v¢ut-out ig
the wind speed at which the wind turbine cannot continue to generate power in case of

damage to the wind turbine.

This then means that (assuming the air density is constant) &, ; for a wind turbine can

be considered as:

0’ Ucut—m Z Us,t
gr2v§,tp7 ,Urated > Vst > ,Ucut—ln
st = , (B.5)
gTQ,Urated 0, Ucut-out > Vst > Urated
0’ Vst Z ,Ucut—out'

If the VPP operator has a more detailed power curve for the wind farm, then this can

be used to map the wind speed to the associated value of & s ;.
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B.2.2 PV

The power that PV can generate varies with the intensity of the solar irradiance to

which it is exposed. The power generated by a PV can be modelled as:
P = nIA(1 — 0.005(T%™> — 25)) (B.6)

where [ is the solar irradiance, A is the array area, n is the conversion efficiency, and

T2mb ig the ambient temperature.

This means that (assuming constant ambient temperature) ¢ 5, for a PV can be con-
sidered as:

€t = L5 A(1 — 0.005(T*™" — 25)) (B.7)

If the VPP operator has a more detailed power curve for the PV, then this can be used

to map solar irradiance to the associated value of & s ;.

B.3 OCGT

To model an OCGT using 1} Ezlec =0 and v = 0 (as an OCGT has no electrical
energy storage), and Pg (¢) = 0 (as a OCGT is generator only). Therefore, the OCGT

operation is governed by

PE (8) = 1 (Ek,s0 — wrs (1)) (B.8)

where &, 5 ¢ is the available fuel and wy, 5() is the fuel that is not utilised i.e., curtailed.

Assuming that there is sufficient fuel to power the OCGT, then &, s ; can be set arbitrarily
DE

so that it does not constrain OCGT power generation (i.e., £ st = %) Likewise wy, 5(t)
k

would be unconstrained, and have no associated cost.

B.4 Curtailable Load

—elec

To model a curtailable load using |) E, " =0 and v = 0 (as a curtailable load

has no electrical energy storage), and Py (t) = 0 (as a curtailable load is a load only).
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Therefore, the operation of a curtailable load is governed by:

MPL (1) = = (G5t — Whys(t)) - (B.9)

In this equation & ¢ < 0 is the baseline demand and wy, s(t) < 0 is the amount of load

that is curtailed.

B.5 Multi-Energy Resources

€

E; (af,(t+1) —a5,(1) =

dze d P];g"s(t) € € (& €,eXp
E , M k,s (t) - ng,e + gi,s,t - wi,s(t) -V At — Ei,s (t)v
k
Vi e UV Ve e wronelee (B ()

It is also important to illustrate how the electrical resource modelling in (B.1]) can be
used in conjunction with (B.10)) and how this can also be flexibly applied to numerous

resources.

B.5.1 Electrolyser

Let us assume that there is an electrolyser at node i. The electrolyser converters electrical
energy into hydrogen, so we consider e = H2 as the secondary energy vector. In a
purely electrical sense (assuming a constant efficiency), an electrolyser will operate as a

curtailable load, and therefore its electrical operation is determined by . The value

of st = I;—g’“ can be used in this case. The hydrogen operation of the electrolyser is

constrained by the multi-energy node constraint (B.11)).

E?Z (ng(t +1) - ng(t)) =

(P + €2, - wl2@) V) A= B2 (B1)

1,8 1,8
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An electrolyser that only operates in the electricity and hydrogen energy vectors means
that ng’HQ = 7713- ensures that there is sufficient storage at node i for the electrol-
yser to operate, and that the hydrogen exported /imported and the hydrogen demand is
balanced by the hydrogen created by the electrolyser. Now the operation of the electrol-

yser is constrained both by its electrical operation in and its hydrogen operation

in (B1).

B.5.1.1 Additional Fuel Cell

Assuming a constant efficiency, a fuel cell can be modelled electrically as a dispatch-
able generator as in (B.8). The multi-energy node formulation of node i with both an
electrolyser and a fuel cell is:

E?2 (ng(t +1) - ng(t)) =

Po,(t)
d,H2 pd FC, H2 H2 H2 H2,ex
(UEL P s(t) — d;m + & —wis (H) —v " | At — E; ] “P(t) (B.12)

Uie)
B.5.2 Co-Generation Plant

A co-generation plant (CHP) burns gas to create electricity and also to generate heat.
The electrical operation of the CHP can be modelled in the same way as other dispatch-
able generation, such as the OCGT in (B.8)). However, because there is a CHP operating

at node i, the heat energy vector (e = ht) at node ¢ must also be modelled

—=ht
B (2t +1) - 2l (1)

Pkg’s (t) ht ht ht ht,exp
o g ht + gi,s,t - wi,s(t) -V At - Ei,s (t), (B13)

Mg

In the case of a CHP the gas-to-electricity conversion efficiency 7],% is not the same as

g,82h
the gas-to-heat conversion efficiency n,f’gzh. The term nk’ht = nkng relates the electrical
k

power output to the heat power output. If there is no thermal energy storage at node

—=ht

i (E;, =0, I/th = 0) then the heat generated by the CHP must be balanced by heat

demand at the node (minus curtailment) and any heat exported/imported.
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